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Wolf-Rayet (WR) stars are a late stage in the evolution of massive stars (M ≥ 25 M),
characterized by strong stellar winds (Ṁ ∼ 10−5 M/yr). Ionizing radiation from the central
star heats the expanding outer envelope of material, leading to recombination emission lines
of helium, carbon, nitrogen, oxygen, and/or hydrogen in the WR star spectrum. This
outflow of material enriches the surrounding ISM, which is further enriched when the WR
star likely explodes as a type Ib or Ic supernova. WR stars are also likely progenitors for
long soft gamma-ray bursts, and they are excellent tracers of the present sites of massive
star formation in our Galaxy.
The current Galactic WR star catalog is very incomplete. I discuss three methods of
selecting strong WR star candidates from crowded fields in the Galactic plane: image sub-
traction, narrowband (NB) color, and broadband (BB) color. Using these methods, an
extensive near-infrared narrowband survey begun in 2005-2006, and extended by me, has
yielded 28% of the known Galactic WR stars to date; I add 59 new WR stars to the total
in this thesis. I then compare two recent models of the Galactic population of WR stars,
discuss the implications with respect to how many WR stars remain to be found, and use
these results to inform an analysis of the remaining 834 strong carbon-rich WC star candi-
dates from the survey. I also provide a listing of these 834 WC star candidates throughout
our Galaxy, and map them; a central result of this thesis. Finally, I present selection criteria
which may be used to identify [WR] stars (central stars of planetary nebulae which display
WR spectral features), and proof of concept observations which led to 7 new confirmed [WC]
stars.
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for observations in Chapter 3. I would also like to acknowledge extensive assistance and
troubleshooting from the incredible team of Kivy developers (http://kivy.org) when working
on SPIDR (Appendix A).
This research has made use of the NASA/ IPAC Infrared Science Archive, which is
operated by the Jet Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration. This publication makes
use of data products from the Two Micron All Sky Survey, which is a joint project of the
University of Massachusetts and the Infrared Processing and Analysis Center/California In-
stitute of Technology, funded by the National Aeronautics and Space Administration and
the National Science Foundation. This publication makes use of data products from the
Wide-field Infrared Survey Explorer, which is a joint project of the University of California,
Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded
by the National Aeronautics and Space Administration. The work presented in Chapter 6 is
based on observations made with ESO Telescopes at the La Silla Paranal Observatory under
programme ID 290.D-5121(A). This work is based on observations obtained at the MDM
Observatory, operated by Dartmouth College, Columbia University, Ohio State University,
Ohio University, and the University of Michigan. TIFKAM was funded by The Ohio State
University, the MDM consortium, MIT, and NSF grant AST-9605012. The HAWAII-1R
array upgrade for TIFKAM was funded by NSF Grant AST-0079523 to Dartmouth College.
Visiting Astronomer at the Infrared Telescope Facility, which is operated by the University





In star-forming galaxies, the interstellar medium (ISM) is largely fed by the stellar winds and
eventual deaths (by core-collapse supernovae) of massive stars. The most massive of these,
with masses ≥ 25M, pass through a Wolf-Rayet (WR) phase late in life. The classical WR
phase is characterized by intense stellar winds, in excess of 10−5 M yr
−1 (Crowther, 2007),
which strip away the outer hydrogen-rich envelope, leaving the inner regions, comprised
primarily of the products of H-burning (He, N) and He-burning (C and O), to explode as a
supernova (SN) at the end of the star’s lifetime. WR stars are the leading candidates to be
progenitors of type Ib/Ic supernovae (Tominaga et al., 2008), and also prime candidates to
be the source of long, soft gamma-ray bursts (Woosley & Bloom, 2006).
The population and spatial distribution of the Wolf-Rayet stars of our own Milky Way
Galaxy was very poorly constrained at the start of this thesis. The key goal of the research
reported here was to demonstrate the presence (or absence) of Wolf-Rayet stars on the far
side of our Galaxy, and to produce evidence of the total number of such stars now present
in the Milky Way.
1
1.1 A Historical Perspective of Wolf-Rayet Star
Science and their Galactic Population
Wolf-Rayet (WR) stars were first described by the French astronomers Charles Wolf and
Georges Rayet (Wolf & Rayet, 1867). The 3 original WR stars (currently known as WR134,
WR135, and WR137) in the constellation Cygnus were notable for their unusual spectra
displaying extremely strong, broad emission lines in place of the usual stellar absorption
lines. Similar observations of stars with bright emission lines were made by Pickering (1880,
1881) and Copeland & Dreyer (1884), increasing the count of Galactic WR stars to 13.
The use of spectroscopy to determine the composition of celestial objects was a devel-
oping science around the same time, beginning with Huggins (1870). As such, the origin of
such strong lines in a stellar spectrum was unknown for decades. The first wavelength mea-
surements of the WR emission bands were published as a part of the first catalog of 55 WR
stars, in Campbell (1894). Progress was made on the topic when the similarity of the WR
emission lines to nebular lines caused many to wonder if they might be some sort of unusual
planetary nebulae (PNe), but the preponderance of then-unknown emission lines made it
clear that these objects were not related to PNe (Campbell, 1894). However, evidence of a
surrounding envelope of hydrogen began to mount (Wright, 1914).
Following the discovery of helium in 1895, the characteristic He ii 4686 Å line was first
noted in the WR spectrum by Wright (1915), and an analysis by Beals (1929) identified the
Pickering series of singly-ionized helium (He ii, Pickering & Fleming, 1896). In that work,
Beals determined that the width of WR lines was due to Doppler broadening, and proposed
that the characteristic WR spectrum is caused by a continuous ejection of material from the
stellar surface, supporting the conclusions of Wright.
Pioneered by the work of Perrine (1920) and Plaskett (1924), the idea of a multi-part
classification system for WR stars began to circulate. Shortly after a new catalog bringing
the total count of Galactic WR stars to 92 was included in Gaposchkin (1930), Beals (1933)
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identified emission lines of highly-ionized carbon, nitrogen, and oxygen in the WR spectrum.
Subsequently, in 1938 (IAU, 1939), the designations WN and WC were officially recognized
for WR stars displaying almost exclusively nitrogen and carbon, respectively. (WO stars,
whose spectra are dominated by oxygen, were not recognized until Barlow & Hummer 1982
as a separate sequence, related to but not contiguous with the WC sequence.) An additional
numeric subtype was appended, based on photospheric temperature. This was determined
by a judgement of nitrogen or carbon ionization states, based on the line strengths of the
various species in the spectrum. Thus, for example, the wind of a WC8 star that is dominated
by C iii lines is cooler than a WC4 star dominated by C iv lines.
Spectroscopic surveys of the Magellanic Clouds began in the early decades of the 20th
century at Harvard, and soon after, O-stars displaying the He ii 4686 Å line were identified
(Fleming & Pickering, 1912; Cannon & Pickering, 1916; Cannon, 1933). This began some
concerted efforts to identify WR stars in the Clouds, with the largest successes by Westerlund
& Rodgers (1959), who identified 50 WR stars in the LMC, and increased that number to
58 in Westerlund & Smith (1964).
In Roberts (1962), the catalog of 123 WR stars was considered complete to a distance of
∼ 2 kpc, and the total Galactic population was analyzed for the first time. As no distances
could be inferred, it was impossible to construct a spatial map, but on the plane of the
sky, concentrations of WR stars associated with the Galaxy’s spiral arms were noted in this
work. Additionally, Roberts commented on the utter lack of WR stars in the direction of
the Galactic anticenter; none have been found in the ensuing half century.
A new catalog of 127 Galactic WR stars in Smith (1968a) illuminated the need for a new
classification system, refining the numerical subtypes of the WC and WN sequences. Then,
in a landmark publication, Smith (1968b) used 43 WR stars in the LMC (and therefore
at a known distance) to calibrate absolute magnitudes and intrinsic colors for WR stars of
various subtypes, at ZLMC ∼ 0.5Z. Several notable results came from this work, including
the observation that luminosity roughly increases with subtype, as shown in Figure 1.1 for
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Figure 1.1: Calibrated absolute Ks-band magnitudes by WR subtype, taken from (Rosslowe
& Crowther, 2015b). Values for WN5b and WN4 were averaged from adjacent types, as no
stars of those types were available for calibration. WC stars surrounded by circumstellar dust
are on the right, noted with a “#d”. WN stars are separated into three groups: those with
broad lines, designated with a “#b”, on the left; those with weak lines, including “WN#o”
and “WN#h” stars, in the middle; and on the right, WN stars displaying hydrogen lines in
both emission and absorption, marked with “#ha”. See Section 1.2.1 for more details on
these classifications.
Ks-band magnitudes (reproduced from data in Rosslowe & Crowther 2015b; see Section 1.2.1
for more details on the classifications).
With these absolute magnitudes (and assuming that a WR formed at Z ∼ 0.5Z is
fundamentally the same as one formed at solar metallicity), Smith (1968c) constructed the
first spatial map of WR stars in the Milky Way (assuming RG, = 10 kpc). Even with a
relatively sparse distribution, WR stars clearly followed three spiral arms of the Galaxy, as
defined by H i and O and B star distributions. They were noted to be concentrated on the
inner edges of those arms, possibly due to shocks in the gas which would precipitate massive
star formation. The lack of WR stars towards the Galactic anticenter was confirmed, and
very few were found farther from the Galactic center than 11 kpc in any direction.
The next major catalog of WR stars was van der Hucht et al. (1981), with many of the
new additions lying in the Southern Hemisphere, increasing the total to 159 Galactic WR
stars. New slit spectra of all stars in the catalog produced better constraints on numerical
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subtype classification, and discussed circumstellar dust creation by late-type WC stars. In
addition, advances in the theory of massive star evolution (Conti, 1975, see Section 1.2.3 for
more discussion) led to the first evolutionary scenario putting WR stars in the context of all
massive stars, confirmed 10 years later by Lamers et al. (1991).
With the advent of high-quality near-infrared (NIR) detectors, the relative transparency
of the Milky Way to infrared light compared to the optical (only ∼ 3 magnitudes of extinction
in the Ks band from the Sun to the Galactic Center, versus ∼ 30 magnitudes in the V band;
see Shara et al. 1999, Section 7) led to an explosion of new Galactic WR star identifications,
beginning with a classification metric for WR stars in K-band (2.0− 2.4 µm) by Figer et al.
(1997). A new catalog (van der Hucht, 2001) and annex (van der Hucht, 2006) soon followed,
each adding > 70 new WR stars to nearly double the previous count, bringing the grand
total to 298.
Massive broadband (BB) and narrowband (NB) surveys in the NIR in the early 21st cen-
tury (broadband: Benjamin et al. 2003; Werner et al. 2004; Skrutskie et al. 2006; Wright et al.
2010; narrowband: Shara et al. 2009, see Section 2.1 for more discussion) increased the rate
of WR candidate star identification dramatically, primarily through photometric methods.
The stellar supercluster Westerlund 1 was found to have 24 WR stars, allowing for better cal-
ibrations of absolute magnitude (Crowther et al., 2006; Rosslowe & Crowther, 2015b); these
in turn have led to a more complete and accurate map of the Galactic WR star distribu-
tion (Rosslowe & Crowther, 2015b). The current catalog of Galactic WR stars, Rosslowe &
Crowther (2015b, available online at http://pacrowther.staff.shef.ac.uk/WRcat/index.php),
has again more than doubled in size, to 633 spectrographically confirmed WR stars in the
Galaxy. The AMNH survey has contributed 28% of these stars, and I report on the 59 new
WR stars I found later in this thesis.
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1.2 WR Star Physics
As noted in the previous section, WR stars display broad spectral emission lines, due to ex-
panding outer layers which eventually expose the products and byproducts of fusion (helium,
carbon, nitrogen, oxygen) beneath. Ionizing radiation from the central star heats this ejected
material, leading to recombination lines such as He ii, C iii and C iv (in WC stars), and
N iii, N iv, and N v (in WN stars), which exhibit Doppler-broadening from the expansion
of the envelope.
1.2.1 WR Spectral Features and Classification
WR stars were historically identified and classified via their optical spectra. The powerful
N iii-N v / He ii and C iii / He ii doublets at 4686 Å were the hallmark of early WR-
star detection, and often the only emission lines visible with the low resolution available to
spectrographs of the time. As spectrographic technology increased in sophistication, so did
the techniques for discriminating between WR subtypes.
All classification of WR stars is based on ratios of emission line strengths, with a numerical
suffix indicating temperature (WN2 is hotter than WN3, which is hotter than WN4, etc.).
WN subtypes range from WN2-WN5 for “early-type” (WNE), and WN7-WN11 for “late-
type” (WNL) stars; WN6 can be early or late. Similarly, WC subtypes span WC4-WC6
(early) and WC7-WC9 (late). The rare WO1-WO4 types, with the presence of strong O v-
O viii lines in the spectrum, are an extension of the WC sequence (Crowther et al., 1998;
Tramper et al., 2015). Additional suffixes are appended for spectral features: the presence
of circumstellar dust which weakens the spectral lines in many late-type WCs is denoted
with a “d”; and WNs are grouped into weak- (no suffix) and broad-line (marked with a “b”)
categories. WN spectra which show hydrogen emission are indicated with an “h”, and those
with hydrogen in both emission and absorption bear an “ha”. Table 1.1 is reproduced from
van der Hucht (2001), and shows the classification criteria for each subtype in the optical
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region, and Table 1.2 shows the emission lines used for these classifications.
Table 1.1: Optical classification criteria for WN, WC, and WO subtypes, reproduced from
van der Hucht (2001).
WN types Nitrogen emission lines Other emission criteria
WN2 N v weak or absent He ii strong
WN2.5 N v present, N iv absent
WN3 N iv  N v, N iii weak or absent
WN4 N iv ' N v, N iii weak or absent
WN4.5 N iv > N v, N iii weak or absent
WN5 N iii ' N iv ' N v
WN6 N iii ' N iv, N v present but weak
WN7 N iii > N iv, N iii < He ii 4686Å He i weak P-Cyg
WN8 N iii  N iv, N iii ' He ii 4686Å He i strong P-Cyg
WN9 N iii > N ii, N iv absent He i P-Cyg
WN10 N iii ' N ii Balmer lines, He i P-Cyg
WN11 N ii ' He ii, N iii weak or absent Balmer lines, He i P-Cyg
WC types Carbon emission lines Other emission criteria
WC4 C iv strong, C ii weak or absent O v moderate
WC5 C iii  C iv C iii < O v
WC6 C iii  C iv C iii > O v
WC7 C iii < C iv C iii  O v
WC8 C iii > C iv C ii absent, O v weak or absent
WC9 C iii > C iv C ii present, O v weak or absent
WO types Oxygen emission lines Other emission criteria
WO1 O vii ≥ O v, O viii present C iii absent
WO2 O vii < O v C iv < O vi, C iii absent
WO3 O vii weak or absent C iv ' O vi, C iii absent
WO4 C iv  O vi, C iii absent
As the Galactic WR star catalog has expanded out beyond the Solar Neighborhood, most
of the recent additions suffer too much extinction to allow us to obtain optical spectra, and
so classification using K-band lines, as in Figer et al. (1997), is essential. There are a wealth
of WR lines between 2.0 and 2.4 µm, as shown in Figer et al. (1997, Table 2); however, no
single line appears in every subtype’s spectrum, requiring multiple NB filters to identify WR
star candidates photometrically. Table 1.3 shows the WR classification criteria used in the
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Table 1.2: Optical emission lines used for classifying WR stars, from van der Hucht (2001).
Sequence Lines
WN stars
He i 3888 Å, He i & He ii 4027 Å, He i 4471 Å, He i 4921 Å, He i 5875
Å, He ii 4200 Å, He ii 4340 Å, He ii 4541 Å, He ii 4686 Å, He ii 4861
Å, He ii 5411 Å, He ii 6560 Å, N ii 3995 Å, N iii 4634 − 4641 Å, N iii
5314 Å, N iv 3479− 3484 Å, N iv 4058 Å, N v 4603 Å, N v 4619 Å, N v
4933− 4944 Å
WC stars C ii 4267 Å, C iii 5696 Å, C iii/C iv 4650 Å, C iv 5801 − 5812 Å, O v
5572− 5598 Å
WO stars
C iv 5801− 5812 Å, O iv 3400 Å, O v 5572− 5598 Å, O vi 3811− 3834
Å, O vii 5670 Å, O viii 6068 Å
NIR.
1.2.2 WR Astrophysics
Much has been learned about stellar astrophysics in the 150 years since WR stars were
discovered. In the first comprehensive review of WR stars (Underhill, 1968), WR star masses
were estimated to be 4−10M, and a rudimentary model of the WR atmosphere consisted of
a photosphere of radius ∼ 7−10R and temperature ∼ 30 kK, and an expanding atmosphere
of low density, but without any attempt to calculate a mass loss rate.
As discussed in Section 1.1, absolute magnitudes of WR stars have been calibrated from
the WR populations of the LMC and Westerlund 1. The most recent infrared calibrations
are reproduced from (Rosslowe & Crowther, 2015b) in Figure 1.1, and correspond to infrared
luminosities of ∼ 700− 70, 000L. Stellar temperatures for WN range from 32− 85 kK, and
for WCs from 50− 90 kK (Crowther, 2007), placing WR stars in the same region of the H-R
diagram as the hottest bright giants and supergiants.
Mass-loss rates for WR stars can be estimated from measurements of the radio continuum,
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Table 1.3: Near-infrared (NIR) classification criteria for most WN and WC subtypes, inferred
from Figer et al. (1997, Figure 1). Only WN3-WN9 were available for calibrating WN criteria,
and no WO stars were classified this way. WC subtypes are difficult to differentiate, and are
often noted with a “:” to indicate an uncertainty of ∼ 2 subtypes.
WN types Helium emission lines
WN3-WN4 He ii 2.189 µm  He i 2.112 µm, He ii 2.189 µm > He i 2.166 µm
WN5 He ii 2.189 µm > He i 2.112 µm, He ii 2.189 µm > He i 2.166 µm
WN6 He ii 2.189 µm > He i 2.112 µm, He ii 2.189 µm ' He i 2.166 µm
WN7 He ii 2.189 µm ' He i 2.112 µm, He ii 2.189 µm < He i 2.166 µm
WN8 He ii 2.189 µm < He i 2.112 µm, He ii 2.189 µm  He i 2.166 µm
WN9 He ii 2.189 µm  He i 2.112 µm, He ii 2.189 µm  He i 2.166 µm
WC types Carbon & helium emission lines
WC4-6 C iv 2.08 µm  He i 2.112 µm
WC7-8 C iv 2.08 µm > He i 2.112 µm
WC9 C iv 2.08 µm < He i 2.112 µm






where Sν is the radio continuum flux at a given frequency, and d is the distance to the star in
kpc. Nugis et al. (1998) used such observations of 64 Galactic WR stars, deriving clumping-
corrected mass-loss rates of a few times 10−5M/yr across all subtypes. Nugis & Lamers
(2000) then used these results to examine the dependency of Ṁ on stellar parameters, and
observed the following relation (Equation 1 in that publication):
Ṁ ' 1× 10−11(L/L)1.29Y 1.7Z0.5 (1.2)
where Y and Z are the mass fractions of the star in helium and heavier elements, respectively.
Mass loss on the scale exhibited by WR stars begins when stars approach the Eddington
limit (Gräfener & Hamann, 2008), at which point their surface gravities are reduced, and
their stellar winds becomes optically thick. Such winds absorb ionizing radiation easily, and
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this leads to the strong recombination lines seen in the WR spectrum. WR wind variabilities
can be explained if the structure is highly clumped (e.g. Lépine et al., 2000), possibly caused
by an iron convection zone very near the hydrostatic stellar radius (Cantiello et al., 2009),
and likely lead to shocks which produce x-rays (Baum et al., 1992).
WR stars in close binary systems, particularly WR+O systems, can also emit x-rays
from shocked material in a colliding wind scenario, as predicted by Prilutskii & Usov (1976).
Models (Luo et al., 1990) and observations (Moffat, 1998; Zhekov, 2012) of such systems
show an x-ray spectrum which varies with orbital phase. These observations support the
theory of inhomogeneous winds, with dense clumps emitting in the UV and optical, while
more rarefied regions produce x-rays. Following the methodology of (Nebot Gómez-Morán
et al., 2015), candidate WR stars can be cross-matched with x-ray catalogs to find likely
WR star binaries (this analysis will be performed on the candidates described in Chapter 5
in the future).
1.2.3 Massive Star Evolution & Death
The prevailing view of WR stars in the evolutionary sequence of massive stars is the Conti
scenario, first laid out in Conti (1975) and refined in Crowther (2007). This sequence depends
on the initial mass M0 of the progenitor:
O −→WN (H-rich) −→ LBV? −→WN (H-poor) −→WC(−→WO?) −→ SN Ic
for M0 & 75 M;
O −→ LBV? −→WN (H-poor) −→WC(−→WO?) −→ SN Ic
for 40 M &M0 & 75 M; and
O −→ RSG (low mass) / LBV (high mass) −→WN (H-poor) −→ SN Ib
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for 25 M & M0 & 40 M. Though the role of luminous blue variables (LBV) in this chain
is still poorly understood, the Conti scenario is widely accepted, implying that WC stars are
a later evolutionary stage, and come from more massive progenitors on average, than WN
stars.
Indeed, the distribution of subtypes is metallicity-dependent, as shown by the relative
numbers of WC and WN stars in the metal-poor Magellanic Clouds (Massey et al., 2003,
2015) compared to that found in the Milky Way. The LMC has ∼ 5 times as many WN
stars as WC (from Breysacher et al. 1999, 19 WC to 97 WN), and the SMC has 1 WO star
and 11 WN stars (Massey et al., 2003). Meanwhile, the average metallicity of the LMC is
∼ 0.47 solar, and the average metallicity of the SMC is ∼ 0.27 solar (log [O/H] + 12 = 8.7 is
solar metallicity as per Neugent et al. 2012, Figure 10). In M33, Neugent & Massey (2011)
noted 47 WC stars, 156 WN stars, and 3 WN/C transition stars, with a large gradient
in WC/WN number ratio from the inner to outer regions (cf. Neugent & Massey, 2011,
Figure 15), implying a large metallicity gradient. The relative numbers are less extreme in
M31, with 62 WC stars and 92 WN stars detailed in Neugent et al. (2012); this is consistent
with M31’s higher metallicity than the Magellanic Clouds or M33 (cf. Neugent et al., 2012,
Figure 10).
Supernovae of type I (SNe I) are distinguished from type II in that the former lack
hydrogen in their spectra; type Ib supernovae (SNe Ib) display strong helium lines, and SNe
Ic have little or no helium. As stars which shed their hydrogen envelopes in their waning
years, WR stars are considered the strongest candidates for progenitors of SNe Ib/c (Yoon,
2015), and modeling of possible SN progenitors supports this assertion (Tominaga et al.,
2008). Meynet & Maeder (2005) calculated the lifetime of a WR star to be a few hundred
kyr; with ∼ 1000 WR stars in the Galaxy, we might expect a SN Ib/c every 100− 300 years.
WR stars are also the likely progenitors of long soft gamma-ray bursts (GRBs Woosley &
Heger, 2006).
WR stars feed nuclear-processed matter back into the surrounding medium in multiple
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ways, promoting future star formation. The expanding hydrogen-rich envelopes of O stars
carry trace heavy elements, while helium and carbon are likely stripped from WC stars
before their supernova eruptions (Yoon, 2015). Circumstellar dust formation by late-type
WCs enters the ISM to increase the dust content of the Milky Way. Finally, as most or all
WR stars end with a supernova, SN products are ejected at high velocity into the surrounding
medium.
1.2.4 The Current Map of Galactic WR Stars
Using the absolute magnitude calibrations from (Rosslowe & Crowther, 2015b), we can
calculate photometric distances for WR stars that do not have a firm distance measurement
by other means (cluster fitting, parallax, etc.). In Figure 1.2, we update the map of the
Galaxy first presented in Smith (1968c), over an artist’s rendition of the Galaxy. The nearby
spiral arms are traced by the WR star distribution, but the far side of the Galaxy is still
nearly devoid of known WR stars.
1.3 Dissertation Structure
This thesis was undertaken with the eventual goal of constructing a complete catalog of
Galactic WR stars. This is a journey still in progress, but along the way, we will examine
constraints on the global population, explore techniques for searching out more WR stars,
and analyze candidates which have not yet been observed.
In Chapter 2, the American Museum of Natural History (AMNH) Galactic Plane WR
survey is presented, along with three techniques for identifying WR star candidates from
crowded fields using that survey. Chapter 3 will present contributions that have been made
to the current catalog by using the techniques from Chapter 2. Chapter 4 will compare the
two recent models of the Galactic population with observations and theory, and attempt to
determine what remains to be done to build a definitive catalog of the Galactic WR stars.
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Figure 1.2: A spatial map of WR stars in the Galaxy, superimposed over an artist’s repre-
sentation of the Milky Way (image credit: NASA/JPL-Caltech/ESO/R. Hurt). Blue circles
are WNE stars, light green squares are WNL stars, red circles are WCE stars, orange squares
are WCL stars, and dark green circles are WO stars. Large symbols have the true distances
determined by cluster fitting, while smaller symbols are photometrically determined. All
currently-known Galactic WR stars are shown, including those described in Chapter 3, and
the distribution can be compared with the NASA/JPL map of the Galaxy’s spiral arms.
Thus, as new WRs are identified on the far side, we can use that growing population as
tracers of recent massive star formation, and infer a map of the spiral arms of the Galactic
far side.
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Then, Chapter 5 will discuss the strong WC candidates we have yet to observe, but which
yield important clues for future searches.
In the course of this research, we happened upon techniques for not only identifying
classical Wolf-Rayet stars (cWR), but also central stars of planetary nebulae (CSPNe) which
bear WR emission lines. Chapter 6 will present those findings, in a proof of concept for future
investigation.
We conclude with Chapter 7, in which we evaluate the steps along this journey in context,
and look to see where the road goes from here. The catalog of 834 WC candidates, some of
which are the hottest nondegenerate stars in the Galaxy, is presented as an Appendix, as is
a brief overview of a software tool I developed for infrared spectrographic data reduction.
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Chapter 2
Techniques used in this thesis to
search for new WR stars
Due to the short duration of the WR phase, the distribution of WR stars in the Milky Way
traces the recent massive star formation history of the Galaxy. Compared to M31, the Milky
Way is roughly half the mass (Peñarrubia et al., 2014), but its current star-formation rate
(SFR) may be as much as 10 times greater (Hopkins et al., 2001). Historically, the majority of
WR stars were identified in the optical, via the He ii 4686 Å emission line. As already noted,
probing the Milky Way optically is difficult beyond ∼3 kpc due to extreme dust extinction
(∼30 visual magnitudes to the center of the Galaxy). However, in the near-infrared (NIR)
only ∼3 magnitudes of extinction occurs across the Galactic plane (see Shara et al., 1999,
section 7). The advent of high-resolution near-infrared (NIR) imaging and spectroscopy has
made it possible to detect WR stars more distant than 5 kpc, and lying in the Galactic
Plane.
The number of confirmed Galactic WR stars has increased steadily over the years, to a
current count of 633 (Rosslowe & Crowther, 2015b). The majority have been identified in
just the past decade as NIR identification techniques have become more sophisticated (cf.
Shara et al., 2009; Mauerhan et al., 2011; Shara et al., 2012; Kanarek et al., 2015). 90% of
the known WR stars lie within ∼ 10 kpc of the Sun, as shown in Figure 2.1, but based on
local versus observed surface densities, we expect that many more remain undiscovered.
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In contrast to the Milky Way, M31 is quiescent relative to the solar neighborhood in
massive star formation, with only 154 WR stars identified in a 95%-complete survey by
Neugent et al. (2012). Exploring the far side of the Galaxy is crucial in determining if
the high density of nearby massive stars is anomalous, or if the Milky Way’s current star
formation rate is the same throughout our Galaxy, and truly much higher than that of M31.

















Figure 2.1: The number of Galactic WR stars as a function of distance, observed vs expected.
For stars without known distances due to cluster fitting, photometric distances are calculated
as in Rosslowe & Crowther (2015a), with subtype absolute magnitudes taken from that
work. 90% of all currently known Galactic WR stars are within 10 kpc of the Sun. Expected
numbers based on measured surface density of WR stars in the solar neighborhood, applied to
the entire annulus from 3 to 10 kpc from the Galactic Center; see Section 4.1 for more details.
Our own estimate of the total expected population of Galactic WR stars is considerably
higher (see Chapter 5).
2.1 A Narrowband, Infrared Imaging Survey of the
Galactic Plane for New WR stars
Over 2005 and 2006, a 300 deg2 NIR imaging survey of the Galactic Plane was carried out
at Cerro Tololo Inter-American Observatory in Chile, under the umbrella of the SMARTS
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consortium (Shara et al., 2009). This survey totaled 88,000 images in 1200 35’×35’ fields, at
a plate scale of 1.03 arcmin pixel−1 in the range −90◦ < l < 60◦ and −1◦ < b < 1◦. Images
were taken using a broadband (BB) J filter and 6 narrowband (NB) filters: 4 filters centered
on emission lines in the WR spectrum (Figer et al., 1997), and 2 continuum filters. Table 2.1
shows the expected strength in each emission-line filter for broad WR subtype categories,
and Figure 2.2 shows the positions of all confirmed WR stars on the plane of the sky, with
the survey bounds marked. 80% of all known WR stars lie within our survey bounds.
Table 2.1: Predicted candidate strength in survey filters, with central wavelength and FWHM
Filter Name He i C iv Br γ/He i He ii
λ (µm) 2.062 2.081 2.169 2.192
∆λ (µm) 0.010 0.020 0.020 0.020
Early WN none - very weak nonea weak strong - very strong
Late WN very strong nonea very strong weak - strong
Early WC weak - strong very strong none none - very weak
Late WC weak - strong very weak - weak very weak none - weak
WO none weak strong weak
a WNs may be detected in the C iv filter due to the wings of a strong He i line. This is a much more likely
occurrence in WNLs than WNEs because of the relative strength of the He i line.
2.1.1 Image Reduction
For the analyses discussed in Section 2.2 and Chapter 6, I implemented a new reduction
pipeline for this survey. Super dome flats for each month were created by combining all
dome flats in that month. The images were then divided by the master dome flats. A skyflat
was created by median-combining the first dither positions from all the separate pointings.
The skyflat was then scaled to match each image in the dither sequence and subtracted.
Next, daophot (Stetson, 1987) was used to find sources in each of seven dither positions
for every field. The sources were matched using daomatch and daomaster, and finally
the 7 dither positions were combined using montage2 (Stetson, 1994).
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Figure 2.2: Top: A histogram of known WR stars per 5◦ of longitude, with those WRs lying
within the survey bounds overplotted in purple. 80 per cent of all current WR stars lie within
the bounds of the survey. The histogram shows clear spikes where the telescope looks along
the Milky Way’s spiral arms. Bottom: The distribution of WR stars projected on the sky,
as a function of Galactic latitude and longitude. The purple box shows the survey extent;
the great majority of WR stars in the Galaxy lie in the Galactic plane, within 60◦-90◦ of the
Galactic centre.
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World Coordinate System (WCS) astrometry for the images was computed by the as-
trometry.net package (Lang et al., 2010), using J and K index files with skymark diame-
ter ranges from 8 to 11 arcmin. The program was called with xy-lists obtained by the NASA
idl Astronomy Library’s version of daophot’s find procedure (Landsman, 1993), using the
500 brightest stars in each image. After including SIP distortion coefficients, mean residuals
less than 0.5 arcsec were found when compared to 2MASS sources (Skrutskie et al., 2006).
Then, working on a field-by-field basis, we computed photometry using the idl-daophot
procedures sky, find, and aper, and the positions output by these routines were matched
among the images, to a precision of ∼ 1′′. Sources were then matched to 2MASS source lists
in J and K, and a mean magnitude offset calculated to calibrate the photometry library to
2MASS. Roughly 10 CPU-years were required to carry out these tasks.
2.2 Selection Methods
About 100 million Galactic Plane stars were detected using the methodology described above.
There are several methods by which we can select likely WR candidates from these 100 million
stars for spectrographic follow-up.
2.2.1 Image Subtraction
In the ideal case, subtracting a continuum image from one of the same field taken with an
emission-line-centered filter should remove all objects from the image without that emission
line, with only emission sources remaining even in very crowded images. With WCS solutions
and photometry for all sources in each image, we perform image differencing in wavelength-
space. We generate a continuum image for each emission-line-centered narrowband image
(ENB) by linearly interpolating between the two continuum narrowband (CNB) images in
wavelength space. This interpolated image (INB) is then subtracted from the emission line
image to produce the residual.
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We model the spatially-varying sky background by subdividing each image into an array
of intersecting planes. After removal of this background, stellar positions in each subdivision
can be matched between images, and a translation/rotation warp applied, to spatially align
subdivisions as accurately as possible. Each subdivision is warped independently, and so
higher-order warp solutions do not improve alignment significantly.
After warping the subdivisions to match, we scale the global brightness between the
ENB and INB images. As determined by trial and error, no single method of determining a
scaling factor works for all images in the survey (or even all subdivisions in an image); thus,
to remove outliers, five different scaling factors are determined for each subdivision, using
different methods. The final scaling factor is chosen as the median value of all methods on
all subdivisions.
For images with a consistent, well-defined PSF, a convolution to match the PSF between
two images should be performed. However, in the case of these survey images, no PSF
matching was performed, as (a) each image had a PSF which displayed large spatial varia-
tions, and (b) the blurring due to convolution was generally catastrophic to the resolution
of the images, due to undersampling.
Once the ENB and INB images are matched as closely as possible, the difference image
is obtained. Figure 2.3 shows the C iv ENB image (left) and difference image (i.e. on-
line intensity including continuum, minus interpolated and scaled off-line continuum-only
intensity, right) for field 1093, a typical field which lies 24◦ from the Galactic Center, and
is relatively crowded, containing 6 previously known WR stars. The difference image in
figure 2.3 demonstrates how both the spatially-varying sky and more than 99% of the stellar
sources were removed by the subtraction process. Figure 2.4 shows a previously known WR
star in that field.
The final determination of candidates from the difference images involves a 3-step process.
Each difference image contains many residuals that were the product of bad PSF subtrac-
tions instead of true stellar-line emission; these must be removed. First, we determine the
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(a) A quadrant of the C iv image from field
1093 (a representative survey field), before
image differencing.
(b) The same image, after image differenc-
ing, with known Wolf–Rayet stars indicated.
Figure 2.3: A demonstration of the results of image differencing. We subtract a narrow-
band continuum image from the narrow-band emission-line-centered image; both are scaled
to the same wavelength and intensity, so that most stars should subtract to zero. This image
demonstrates the high degree of crowding present in the survey images (the displayed field
is ∼ 24◦ from the Galactic Center). Residuals ideally are candidate emission objects. The
great majority of point sources have been completely removed; residual flux from most of the
remaining non-emission stars is due to incomplete subtractions of saturated stars (K ≤ 9),
or from inadequate PSF matching due to high spatial variability in the PSF between and
within the images. Previously-known WR stars from the literature are identified with yellow
squares in figure 2.3b.
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15"
Figure 2.4: A zoomed portion of the image in figure 2.3, highlighting a known WR star in the
C iv narrow band image (left), C iv interpolated continuum image (center), and difference
image (right). The WR star remains as a perfect residual PSF in the difference image, while
the great majority of source pixels elsewhere are removed by the subtraction process, leaving
only the brightest sources in the original C iv image as incomplete subtractions.
magnitude of every star which produced a significant positive residual in the difference image
(mdiff ), and normalized this magnitude by the original magnitude of the star in the CNB
images (mc = (mC1 +mC2)/2) to produce ∆m = mdiff −mc, a metric conceptually similar
to equivalent width.
We then plot mc vs ∆m for each filter, including a large number of fields on each plot,
and determine isodensity contours. Subsequently, we plot mc vs ∆m for each filter in each
individual field, overlaying the 99% density contour; only those sources with significant bright
deviations outside the 99% contour were considered as candidates, to eliminate field stars
with no emission that survived the subtraction due to random fluctuations and poor PSF
matches. Figure 2.5 shows the ∆m plot for the C iv filter in field 1093. Determining the
optimal region of the ∆m plot for strong WR characteristics is accomplished by plotting
previously known Wolf–Rayet stars, and identifying areas where particular types seemed
clustered, particularly with separation from the main density of residual field stars. By
overplotting smoothed 99% density contours on to these diagnostic plots, we are able to
isolate strong candidates for further refinement.
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Figure 2.5: The diagnostic (‘∆m’) plot for field 1093, in the C iv filter (the the image
shown in figures 2.3 and 2.4). The difference image magnitude (mdiff ) on the y-axis has
been normalized for the original source brightness by subtracting continuum magnitude
(mc), leaving ∆m the normalized emission-line excess. By enclosing 99% of the points in
the orange isodensity contour, we isolate those sources with excess that are least likely to
be incomplete subtractions. To survive the culling process, prospective candidates must lie
below the contour. The green diamonds are known WR stars in this field, and lie well below
the contour, as expected.
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2.2.2 Narrowband Color
The survey’s aperture photometry library can also be used to reliably select WR star can-
didates, as shown in Figure 2.6. Early-type WCs (WCEs, of subtype WC4-WC6) have very
broad, strong lines, and are relatively well-separated on all three plots. Late WCs (WCLs,
of subtype WC7-WC9) are almost as easy to identify, but can fall more towards the cen-
ter of the plot due to a few effects: overlap between the He i and C iv filters, which are
separated by only ∼ 0.2 µm; converging line strengths between the He i, C iv, and Br-γ
filters when moving to cooler subtypes; or dust production significantly reducing emission
line strength, in the case of WC8d and WC9d stars. Even so, the majority of non-dusty
WCLs are straightforward to select using NB colors.
WN stars are much more difficult to detect with this method. Early-type WNs (WNEs,
with subtypes of WN2-WN6) have significantly weaker lines in the NIR, and (predictably)
fall near the center of the NB color plots in Figure 2.6. Late-type WNs (WNLs, with subtypes
of WN7-WN11) are somewhat easier to isolate, particularly in the 2.061 µm He i filter, as
shown in the bottom-left plot in Figure 2.6.
2.2.3 Broadband Color
In addition to NB color selection, we can also perform broadband (BB) color selection for WR
stars by making use of the 2MASS (Skrutskie et al., 2006) and WISE (Wright et al., 2010)
all-sky surveys for those candidates which appear in these point-source catalogs. Though it
is unable to differentiate between subtypes, Figure 2.7 shows that a cut of (W1 −W2) ≥
0.09× (J−Ks)+0.03, as shown in Faherty et al. (2014, Table 2), removes 95% of field stars,
while retaining the great majority of emission objects (WR stars and PNe).
Central stars of planetary nebulae (CSPNe) displaying WR spectral lines, or [WR] stars,
are mimics of classical WR stars, as they display the same emission lines as classical WR stars.
However, [WR] stars are 10-1000 times less luminous than classical WR stars (Weidmann &
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Figure 2.6: Narrowband color-color plots, using colors from the Galactic plane WR survey
introduced in Shara et al. (2009). WCs are easily identifiable using the C iv filter in combi-
nation with other NB filters. NB photometric excess is one of the two most effective current
techniques for identifying likely WR stars in the near-infrared.
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Figure 2.7: Broadband colors, using the 2MASS and WISE all-sky surveys, for field stars,
WR stars, and PN. A color cut of W1−W2 ≥ 0.09× (J −K) + 0.03 removes 95% of field
stars, and retains 95% of WR stars.
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Gamen, 2011), and will therefore display significantly less reddening than classical WR stars
of the same apparent magnitude, as they are much closer. Figure 2.8 shows a broadband
cut of Ks ≤ 0.375× (J −Ks) + 13 (Kanarek et al., 2016) This photometric criterion allows
us to isolate almost all [WR] stars and exclude almost all classical WR stars. See Chapter 6
for more detail.
2.2.4 Comparison of Methods
All three of the above methods were utilized heavily during the observations described in
Chapter 3, and had their own strengths and weaknesses. In the ideal case, image subtraction
is the best method, and the least likely to produce interlopers. However, the inability to
match PSFs between images (at least, on a useful timescale) made using this method very
problematic, as it was quite time consuming, and the end results were heavily cluttered
with residuals from imperfect subtraction. Image subtraction worked extremely well for
identifying strong, bright candidates, but fainter candidates, or those with weaker lines,
were often lost in the crowd.
The two color selection methods were far more efficient, and quite successful at identify-
ing fainter or weaker-lined candidates. Broadband colors, when available, were very useful
at identifying non-WR interlopers, but the number of candidates which could be reasonably
cross-matched with broadband catalogs was relatively small. Narrow-band color selection
was the single best method at identifying emission candidates, and was quite efficient. Nar-
rowband magnitudes were available for all candidates, and the selection plots were far more
intuitive and accessible for visual analysis than the results from image subtraction.
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Figure 2.8: Broadband color-magnitude diagram, using 2MASS J and Ks magnitudes. A
cut of Ks ≤ 0.375× (J −Ks) + 13 retains all WR stars in the catalog, and removes 50% of
PNe (and [WR]s; see Kanarek et al. 2016).
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Chapter 3
Expanding the Galactic WR Catalog
As detailed in Shara et al. (2009), Shara et al. (2012), Faherty et al. (2014), and Kanarek
et al. (2015), this survey has contributed 176 of the 633 known Galactic WR stars, or 28% of
the total catalog. The selection methods described in Section 2.2 have yielded 59 previously-
unidentified WR stars, along with a number of other NIR emission objects. This chapter is
mostly based on the results reported in Kanarek et al. (2015).
3.1 Observations
3.1.1 MDM, June 2011
During a run of excellent weather over the 7 nights in 2011 June, we obtained 113 NIR spectra
of candidate stars using TIFKAM in spectroscopic mode on the 2.4 m Hiltner telescope at
MDM Observatory. The weather conditions were excellent, with average seeing ∼ 1.5′′. We
operated with the 100 µm slit, the K blocking filter, and the J/K grism, providing wavelength
coverage of 1.97− 2.42 µm at a resolving power of λ/∆λ ∼ 660. We performed a single AB
dither pattern on each source once it had been placed on the slit in movie mode and a guide
star acquired. If on-the-fly extraction using iraf showed emission, a second AB dither was
taken, giving each WR candidate an ABBA dither pattern along the slit. Exposure times
varied from 20 s for the brightest targets to 240 s for the faintest. We also observed A0V
stars at a variety of airmasses for flux calibrations and telluric corrections, acquiring internal
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flat-field exposures as well for calibrating pixel response. Additionally, we obtained spectra
of almost all known spectral subtypes of Wolf–Rayet star.
Spectra from this run were reduced with a combination of iraf packages and idl pro-
grams. Trimming and flat-fielding were performed with ccdproc and flatcombine, and
extraction was performed with apall, all in iraf. Image arithmetic, wavelength calibra-
tion, and combining extracted spectra were done in idl; we used the xtellcorgeneral
program included in the spextool package, also written in idl.
We discovered after the run that the NeAr arc lamp images we took at the telescope
were faulty, and so wavelength calibration was performed using night sky lines taken from
the unprocessed images. The resulting wavelength calibration is in some cases mediocre, but
there was a good enough match to perform telluric corrections, as well as to assign WR star
types and subtypes.
3.1.2 IRTF, July 2011
At the 3m NASA Infrared Telescope Facility (IRTF), we obtained NIR spectra of 150 can-
didate WR stars, selected using the criteria above, with the SpeX spectrograph. Two of the
nights were cloudy enough to prevent observations. We operated in cross-dispersed mode
with the 0.5” slit aligned and obtained an average resolving power of λ/∆λ ∼ 1200, over a
wavelength range of 0.8− 2.4 µm.
We first acquired each target in the guider camera, then took a single AB dither pattern,
with exposure times varying from 30 s for our brightest targets to 200 s for our faintest.
Once we had confirmed the presence of emission lines we began a second set of AB images
so each WR candidate had four images obtained with an ABBA dither pattern along the
slit. To minimize the overhead (slew and calibration target time) between sources, we chose
nearby subsequent targets.
After each several targets (typically 4-5), we observed an A0V star at a similar airmass
for flux calibration and telluric correction. Internal flat-field and Ar arc lamp exposures were
30
also acquired for pixel response and wavelength calibration, respectively. Additionally, we
acquired spectra of almost all known spectral subtypes of Wolf–Rayet star. We reduced all
data with spextool version 3.3 (Vacca et al., 2004; Cushing et al., 2004) using standard
settings.
3.1.3 MDM 2012
During early 2012, the original survey data were reduced again, using different methods to
produce better images. A new idl pipeline was constructed, creating flat and sky images by
median-combining the first and last dither of each pointing for the entire month, using high-
quality data images instead of relatively poor dome flats. Then, during a 10-day observing
run in the summer of 2012 (with 6 usable nights), we obtained 70 additional NIR spectra of
candidate stars with TIFKAM at MDM, with the same instrument setup as in 2011.
Reductions were performed entirely in iraf, primarily using the kpnoslit and oned-
spec packages. We used a selection of long and short exposure flats to create a bad pixel
mask with CCDMASK, and then performed trimming, bias-subtraction, and flat-fielding
with ccdproc and flatcombine. Once the initial preparation was complete, the spectra
were extracted from the A-B images with apall. Then we used identify to determine
a wavelength solution for each spectrum from the 4 or 5 strong Ar lines, and dispcor to
apply the solutions to the spectra. All spectra for each individual object were combined
using scombine, and then telluric correction was performed with telluric.
3.1.4 CTIO 2013
From March to August 2013, we carried out an extensive program of spectrographic follow-
up based on these selection criteria with the SIMON spectrograph (Doyon et al., 2000) on
the 1.5m telescope operated by the SMARTS Consortium at Cerro Tololo Inter-American
Observatory (CTIO). These observations were comprised of 10 full nights and 93 half nights,
during which we observed 362 WR and PN candidates in total, in the range 9 . Ks . 13.5.
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Observations were carried out in medium-resolution K−band mode (R ∼ 1500, 1.9µm.
λ . 2.4µm), with exposure times between 60s for the brightest candidates, to 420s for the
faintest.
The full candidate selection methods described in Section 2.2 were developed over the
course of this program, causing the target list to evolve several times during the observing
run. Most of the new WR stars detailed in Section 3.2 were detected in the second half of the
run. Spectrographic reduction of these observations was performed using the Spectroscopic
Pipeline for Interactive Data Reduction (SPIDR) (see Appendix A), which I wrote in its
entirety.
3.2 The 59 New WR Stars
Tables 3.2 thru 3.7 show the locations, magnitudes, and equivalent widths for each new WR
star found during the course of this research, and Figures 3.1 thru 3.11 show these stars’
spectra. When measuring equivalent widths, for stars observed in 2011 and 2012, lines were
fit as Gaussian profiles (as an approximation, despite non-Gaussianity of lines) using pan1
and then summed to find the equivalent width; stars observed in 2013 were fit with phew2.
These stars are among the most distant WR stars known, as shown in Figure 3.12. The




Table 3.1: Lines in the NIR Wolf–Rayet spectrum, a subset of Figer et al. (1997, table 2).
These lines are marked in the spectra shown in Figures 3.1 thru 3.11.
Wavelength (µm) Transition Wavelength (µm) Transition
2.037 He ii 15− 8 2.116 C iii/N iii 8− 7
2.059 He i 2s ‘1S− 2p ‘1P0 2.122 C iii 4p ‘1P0 − 4d ‘1D
2.071 C iv 3p ‘2P01/2 − 3d ‘2D3/2 2.139 C iv 9s ‘2S− 10p ‘2P0
2.080 C iv 3p ‘2P03/2 − 3d ‘2D5/2 2.148 He ii 24− 9
2.084 C iv 3p ‘2P03/2 − 3d ‘2D3/2 2.162 He i 7 ‘1L− 4 ‘1D
2.108 C iii 5s ‘1S− 5p ‘1P0 2.165 He ii 14− 8
2.113 He i 4s ‘3S− 3p ‘3P 2.166 H i 7− 4
2.115 C iii/N iii 8− 7 2.179 He ii 23− 9
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Table 3.2: Spectrographically-confirmed WN and WNh stars. Objects in this table were
previously unidentified. IDs are assigned by field number and object number; this has no
relation to RA or Dec. An ‘h’ designation was added to stars showing hydrogen emission in
the H-band spectrum.
Name δ (J2000) δ (J2000) l b Type Observing Run
0935-3D27 14 42 53.03 -60 09 21.8 -43.620 -0.227 WN5 CTIO 2013
1040-B6C 16 04 03.76 -53 10 44.2 -30.54 -0.527 WN9 IRTF 2011
1077-7C0 16 25 17.32 -49 01 57.9 -25.28 0.176 WN8 CTIO 2013
1093-1765 16 32 25.70 -47 50 46.1 -23.60 0.139 WN6 IRTF 2011
1101-3EF5 16 36 08.87 -46 46 49.9 -22.393 0.398 WN9 CTIO 2013
1176-B49 17 12 34.87 -40 37 13.8 -13.47 -0.827 WN9h IRTF 2011
1193-2A3 17 14 52.34 -37 50 36.2 -10.960 0.441 WN8 CTIO 2013
1256-1483A 17 40 59.36 -32 11 22.1 -3.292 -0.860 WN9 IRTF 2011
1338-2B3 17 59 07.99 -22 36 43.0 6.991 0.605 WN9 MDM 2012
1343-284 18 03 28.37 -22 22 58.9 7.686 -0.152 WN8-9 MDM 2012
1367-638 18 09 06.22 -19 54 27.2 10.487 -0.090 WN9 IRTF 2011
1389-1F5D 18 14 17.37 -17 21 54.4 13.307 0.057 WN8 IRTF 2011
1485-6C4 18 36 55.53 -06 31 02.1 25.480 0.241 WN6 MDM 2012
1485-844 18 37 51.82 -06 31 19.1 25.583 0.032 WN8 MDM 2012
1495-705 18 39 41.19 -05 57 36.3 26.290 -0.113 WN8 MDM 2012
1530-8FA 18 46 00.97 -01 14 35.0 31.207 0.639 WN5 IRTF 2011
1544-FA4 18 51 33.09 -00 13 40.8 32.742 -0.129 WN5 IRTF 2011
1553-9E8 18 52 33.12 +00 47 41.8 33.766 0.115 WN9h IRTF 2011
1547-1488 18 52 57.20 +00 02 54.1 33.148 -0.315 WN5 MDM 2011
1602-9AF 19 02 42.32 +06 54 44.4 40.365 0.657 WN6 MDM 2011
1603-11AD 19 04 20.14 +06 07 52.2 39.856 -0.061 WN5 IRTF 2011
1629-14D6 19 10 06.40 +09 45 25.7 43.733 0.339 WN9h IRTF 2011
1635-AD8 19 13 19.19 +09 55 29.0 44.248 -0.285 WN6 IRTF 2011
1653-FFE 19 14 40.73 +11 54 15.4 46.156 0.338 WN5-6 IRTF 2011
1651-BB4 19 15 37.26 +11 25 26.3 45.838 -0.089 WN5 IRTF 2011
1659-212 19 17 22.20 +12 13 09.2 46.741 -0.097 WN9 MDM 2012
1652-DE9 19 18 09.31 +11 12 39.8 45.939 -0.738 WN8 CTIO 2013
1669-3DF 19 18 31.35 +13 43 39.4 48.206 0.360 WN9h IRTF 2011
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Table 3.3: Spectrographically-confirmed WC stars. Objects in this table were previously
unidentified. IDs are assigned by field number and object number; this has no relation to
RA or Dec. In addition, it is difficult to differentiate between features of WC4− 8. A colon
(:) indicates an uncertainty of up to ±2 subtypes.
Name δ (J2000) δ (J2000) l b Type Observing Run
0777-8B4 12 00 15.03 -61 52 15.1 -63.062 0.404 WC9d CTIO 2013
0860-1B29B 13 29 11.72 -63 10 11.3 -52.823 -0.610 WC5: CTIO 2013
0991-598 15 30 47.39 -56 26 09.3 -36.325 -0.122 WC5: CTIO 2013
1023-15F6 15 52 08.51 -54 16 58.2 -32.608 -0.227 WC5: CTIO 2013
1123-1BBF 16 48 24.11 -45 33 50.5 -20.081 -0.396 WC6: CTIO 2013
1133-3C91 16 52 03.45 -43 57 53.3 -18.437 0.128 WC5: CTIO 2013
1139-49EA 16 54 08.46 -43 49 25.3 -18.09 -0.073 WC6:: IRTF 2011
1132-12D6 16 54 58.32 -45 01 27.8 -18.929 -0.944 WC9d CTIO 2013
1139-4ABC 16 56 23.86 -43 59 17.1 -17.962 -0.492 WC4 CTIO 2013
1178-66B 17 07 23.95 -39 19 54.4 -13.02 0.738 WC9 IRTF 2011
1198-6EC8 17 15 55.90 -37 19 12.0 -10.41 0.575 WC6:: IRTF 2011
1223-2D50 17 28 14.11 -35 28 32.2 -7.489 -0.416 WC9d CTIO 2013
1246-52F9 17 32 08.23 -32 32 43.8 -4.598 0.524 WC5: CTIO 2013
1319-3BC0 17 57 16.87 -25 23 13.8 4.376 -0.416 WC7: IRTF 2011
1381-19L 18 12 02.41 -18 06 55.4 12.392 0.167 WC9 MDM 2011
1389-4AB6 18 14 14.09 -17 21 02.6 13.313 0.075 WC7 IRTF 2011
1457-673 18 31 06.65 -09 48 01.4 21.904 0.004 WC9d MDM 2012
1495-1D8A 18 39 40.60 -05 35 17.6 26.620 0.059 WC8-9 MDM 2012
1514-AA0 18 41 06.79 -02 56 01.0 29.144 0.957 WC8 IRTF 2011
1509-2E64 18 42 26.61 -03 56 36.0 28.398 0.199 WC9 IRTF 2011
1525-2352 18 45 14.63 -02 05 05.7 30.370 0.427 WC8: IRTF 2011
1541-197C 18 50 37.54 -00 01 21.1 32.819 0.171 WC8 MDM 2011
1553-15DF 18 53 02.56 +01 10 22.7 34.159 0.178 WC8 IRTF 2011
1609-1C95 19 06 10.68 +07 19 13.3 41.123 0.078 WC9 IRTF 2011
1657-2EDC 19 15 51.09 +12 44 57.9 47.037 0.478 WC6:: CTIO 2013
1647-1E70 19 15 52.52 +11 12 59.7 45.683 -0.241 WC8: IRTF 2011
1660-1169 19 20 02.46 +12 08 20.3 46.975 -0.712 WC6: IRTF 2011
1697-38F 19 25 18.12 +17 02 15.9 51.895 0.477 WC9 IRTF 2011
1702-23L 19 26 08.35 +17 46 23.1 52.637 0.651 WC8 MDM 2011
1695-2B7 19 27 17.98 +16 05 24.6 51.289 -0.394 WC9 IRTF 2011
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Table 3.4: Photometry for confirmed WN stars. B, V , and R photometry is from the NOMAD catalogue; J , H, and Ks
photometry is from 2MASS ; and W1 − 4 are from the WISE All-Sky Source Catalog. Lower limits are marked with >, poor
photometry quality (C or worse on the PH QUAL flag) with a colon (:), possible contamination by an asterisk (*), and poor
PSF fitting with †.
Name B V R J H Ks W1 W2 W3 W4 J −Ks H −Ks W1−W2
0935-3D27 – – – 17.622 14.754 10.130 5.332 3.072 0.677 -1.019 – – –
1040-B6C – – – 13.13 11.90 11.17 10.41 10.15 > 10.74 > 8.35 1.96 0.73 0.26
1077-7C0 – – – 14.736 11.483 9.737 7.737 6.936 1.868 -1.264 – – –
1093-1765 – – – 15.15 12.93 11.57 10.46 9.98 8.71 > 8.55 3.58 1.35 0.49
1101-3EF5 – – – 15.089 13.874 13.080 – – – – – – –
1176-B49 – – – 12.66 11.22 10.41 9.69 9.24 8.81 > 7.86 2.25 0.81 0.45
1193-2A3 – – – 12.010 10.255 9.048 8.015 7.335 6.604 5.390 – – –
1256-1483A – – – 13.98 12.46 11.86 11.07 10.81 4.89 0.84 2.12 0.60 0.27
1338-2B3 – – – 12.61 > 10.48 > 9.21 – – – – 3.40 1.27 –
1343-284 17.39 15.60 14.72 10.47 9.60 9.02 8.40 8.08 7.68 > 5.82 1.46 0.58 0.32
1367-638 – – – 15.96: 12.43 10.40 – – – – 5.57 2.03 –
1389-1F5D – – > 17.57 13.28 11.05 9.67 8.79 8.91 > 5.78 6.52 2.23 0.88
1485-6C4 – – 16.66 12.04 10.81 10.02 9.23 8.90 8.06 > 5.30 2.02 0.79 0.33
1485-844 – – – 14.72 11.30 9.49 8.07 7.40 6.84 5.30 5.23 1.81 0.68
1495-705 – – – 14.97 11.38 9.16 7.31 5.92 4.75 3.77 5.81 2.22 1.39
1530-8FA – – – 12.76 11.43 10.64 9.03 8.72 9.90 > 7.82 2.12 0.78 0.31
1544-FA4 – – – > 13.50 12.24† 10.83† 9.61 9.02 8.37 > 7.17 2.68 1.41 0.59
1553-9E8 – – – 15.76 12.86 10.98 9.54 8.54 8.47 > 6.35 4.78 1.89 1.00
1547-1488 – – – 13.96 12.25 11.16 9.99 9.51 8.62 7.39: 2.80 1.10 0.48
1602-9AF – – – 13.11 11.62 11.05 10.59 10.67 9.60 7.27 2.06 0.57 -0.10
1603-11AD – – – 16.13 13.64 12.16 10.43† 9.80 8.76 6.93 3.98 1.48 0.63
1629-14D6 – – – 14.73 13.44 12.63 11.75† 11.40 > 10.42 > 7.93 2.10 0.82 0.35
1635-AD8 – – – 15.20 12.87 11.48 10.27 9.63 9.26 8.52 3.72 1.40 0.65
1653-FFE – – – > 15.22 > 13.00 11.66 10.37 9.78 9.17 8.61: 3.56 1.34 0.59
1651-BB4 – – – 15.83 > 13.21 > 11.78 10.30 9.53 8.60 5.18 4.05 1.43 0.77
1659-212 – – – 13.44 10.89 9.53 8.56 8.00 7.06 6.00 3.91 1.36 0.56
1652-DE9 – – – 14.352 12.961 12.430 – – – – – – –
1669-3DF – – – 12.79 11.03 9.97 8.81 8.22 7.61 6.57 2.82 1.07 0.59
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Table 3.5: Photometry for confirmed WC stars, as in Table 3.4.
Name B V R J H Ks W1 W2 W3 W4 J −Ks H −Ks W1−W2
0777-8B4 – – – 13.543 12.492 12.156 11.907 12.065 12.909 9.530 – – –
0860-1B29B – – – 14.902 13.835 11.601 10.009 9.631 8.773 7.176 – – –
0991-598 – – – 13.267 11.554 10.561 9.563 9.188 8.949 7.663 – – –
1023-15F6 – – – 15.081 13.446 11.705 10.346 9.696 7.596 5.189 – – –
1123-1BBF – – – 17.575 13.633 11.410 10.392 9.353 8.073 5.778 – – –
1133-3C91 – – – 17.918 14.944 12.554 10.641 9.522 8.984 7.247 – – –
1139-49EA – – – > 16.29 > 14.53 13.09 – – – – 3.20 1.44 –
1132-12D6 – – – 12.965 11.959 11.354 10.629 10.561 8.583 6.449 – – –
1139-4ABC – – – 14.315 13.794 13.612 – – – – – – –
1178-66B – – – 12.49 11.12 10.26 9.51 9.03 8.40 6.99 2.24 0.87 0.48
1198-6EC8 – – – > 16.15 > 14.68 13.47 – – – – 2.69 1.21 –
1223-2D50 – – – 12.558 13.768 12.510 – – – – – – –
1246-52F9 – – – 15.075 13.150 11.869 – – – – – – –
1319-3BC0 – – – 14.89: > 12.72 > 11.46 10.89 10.39 > 8.97 > 7.58 3.42 1.26 0.50
1381-19L 15.48 13.86 13.78 9.66 8.26 7.80* 7.34: 6.62 5.90 4.89 1.87 0.83 0.72
1389-4AB6 – – 20.74 16.13 14.26 12.24 10.22 9.36 8.37 6.88 3.89 2.03 0.86
1457-673 – – – 14.85 > 11.44 > 9.35 7.55 6.66 5.28 3.62 5.50 2.09 0.89
1495-1D8A – – – > 14.64 > 12.36 11.72 9.72† 9.22† > 9.87 > 6.75 2.92 0.65 0.50
1514-AA0 – – – 12.92 11.24 10.54 10.06 10.13 10.15 > 7.27 2.38 0.71 -0.07
1509-2E64 – – – > 15.78 14.87: 12.45 9.83† 9.01† 8.33 6.36: 3.33 2.42 0.82
1525-2352 – – – > 17.93 14.75 12.44 10.34† 9.53 > 9.01 > 6.23 5.48 2.30 0.81
1541-197C – – – > 14.74 13.33 > 11.64 10.05 9.30 8.73 4.45† 3.11 1.69 0.75
1553-15DF – – – > 17.78 14.80 12.07 9.70 8.62 > 8.28 4.03 5.71 2.74 1.07
1609-1C95 – – – > 18.41 15.07 11.93 9.91 8.35 8.58 > 8.19 6.48 3.14 1.57
1657-2EDC – – – 15.274 13.762 13.093 12.175 11.931 11.741 8.961 – – –
1647-1E70 – – – > 17.53 15.10 12.57 10.74† 9.66 8.65 4.93 4.97 2.53 1.08
1660-1169 – – – 14.65 13.29 12.08 11.65 11.22 > 11.15 > 8.72 2.58 1.22 0.43
1697-38F – – – 12.97† 11.18† 9.92 8.54 7.87 7.58 6.57 3.04 1.25 0.67
1702-23L 20.44 17.29 16.15 11.86 10.97 10.21 9.66 9.26 8.60 7.62 1.66 0.76 0.40
1695-2B7 – – – 13.01 11.09 9.64 8.40 7.70 7.27 7.02 3.37 1.45 0.71
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Table 3.6: Measured equivalent widths (EWs) for confirmed WN stars, in Angstroms. Atomic transitions for each line are given
in table 3.1. All lines are emission lines, which would traditionally have negative EW, but are quoted as positive here.
Name Subtype He ii 2.037 µm He i 2.059 µm C iii 2.108 µm He i 2.162 µm He ii 2.189 µm
He i 2.113 µm He ii 2.165 µm
C iii 2.115 µm H i 2.166 µm
N iii 2.115 µm
0935-3D27 WN5 181.37 – – 192.52 –
1040-B6C WN9 – 25.21 – 3.06 –
1077-7C0 WN8 – 1402.52 – 455.61 –
1093-1765 WN6 – – 40.27 51.04 49.25
1101-3EF5 WN9 – – – 30.63 16.29
1176-B49 WN9h – 61.87 7.27 27.5 –
1193-2A3 WN8 – 2765.04 54.94 260.46 –
1256-1438A WN9 – 5.45 – 6.84 –
1338-2B3 WN9 – 11.90 – 7.06 –
1343-284 WN8-9 – 16.24 – 25.38 –
1367-638 WN9 – 57.71 13.03 48.98 1.71
1389-1F5D WN8 – 67.62 32.98 56.36 6.87
1485-6C4 WN6 – – – 57.82 49.17
1485-844 WN8 – 30.01 5.15 37.66 –
1495-705 WN8 – 38.48 – 43.66 –
1530-8FA WN5 18.19 2.10 26.21 33.30 62.55
1544-FA4 WN5 22.29 – 39.51 51.63 123.53
1553-9E8 WN9h – 77.32 13.25 21.19 6.56
1547-1488 WN5 – – 26.70 39.94 120.39
1602-9AF WN6 – – 51.82 73.61 49.74
1603-11AD WN5 14.96 – 23.05 36.48 104.70
1629-14D6 WN9h – 14.75 – 16.92 –
1635-AD8 WN6 17.52 5.24 33.55 45.85 54.25
1653-FFE WN5-6 19.58 2.97 27.61 46.18 84.10
1651-BB4 WN5 13.56 3.53 27.17 45.21 121.68
1659-212 WN9 – 3.81 – 8.83 –
1652-DE9 WN8 – 152.39 – 24.73 –
1669-3DF WN9h – 136.96 19.10 57.67 –
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Table 3.7: Measured equivalent widths for confirmed WC stars. Atomic transitions for each line are given in table 3.1.
Name Subtype He ii 2.037 µm He i 2.059 µm C iv 2.071 µm C iii 2.104 µm C iv 2.139 µm He i 2.162 µm He ii 2.189 µm
C iv 2.080 µm C iii 2.115 µm He ii 2.165 µm
C iv 2.084 µm
1139-49EA WC6:: – – 688.74 105.67 – – 33.45
0777-8B4 WC9d – 10.68 – – – – –
0860-1B29B WC5 – – 1113.81 327.20 – – 90.27
0991-598 WC5: – – 399.59 139.33 15.88 19.17 14.89
1023-15F6 WC5 – – 637.73 327.46 – – –
1123-1BBF WC6: – – 844.40 371.77 – – 62.22
1133-3C91 WC5: – – 171.81 107.02 – – 12.87
1132-12D6 WC9d – 8.27 – – – – –
1139-4ABC WC4 – – 1932.38 178.75 – – –
1178-66B WC9 – 76.96 7.74 28.18 0.98 32.19 –
1198-6EC8 WC6:: – – 1856.57 269.48 – – 54.71
1223-2D50 WC9 – 22.87 – – – 20.09 9.02
1246-52F9 WC5: – – 1012.33 399.64 – – 62.12
1319-3BC0 WC7: – – 595.53 110.36 – 28.39 43.11
1381-19L WC9 – 88.1 170.15 123.28 – 40.83 43.35
1389-4AB6 WC7 – – 309.24 61.56 – 21.57 29.36
1457-673 WC9d – 21.86 – – – 29.36 –
1495-1D8A WC8-9 – 92.39 78.2 114.26 11.39 60.14 32.05
1514-AA0 WC8 – – 339.28 131.97 8.23 58.78 51.93
1509-2E64 WC9 6.25 196.58 153.45 166.77 14.98 59.88 44.72
1525-2352 WC8: – – 390 119.99 3.58 6.9 21.92
1541-197C WC8 – – 270.8 157.25 44.09 11.95 8.98
1553-15DF WC8 – – 55.07 41.06 – 12.28 14.98
1609-1C95 WC9 – 46.12 12.22 39.84 – 11.22 15.61
1657-2EDC WC6:: – – -1318.28 -269.92 – – –
1647-1E70 WC8: – – 605 163.74 5.07 15.77 32.37
1660-1169 WC6: – – 1059.04 309.08 – – 60.61
1697-38F WC9 3.48 12.69 62.47 61.58 6.78 17.12 11.09
1702-23L WC8 – – 678.75 575.71 – 251.42 958.74
1695-2B7 WC9 4.12 14.67 106.61 91.34 6.73 21.24 12.09
39

































































Figure 3.1: Spectra of all the new WN5 stars presented here.
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Figure 3.2: Spectra of all the new WN6 stars presented here.
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Figure 3.3: Spectra of all the new WN8 stars presented here.
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Figure 3.4: Spectra of all the new WN9 stars presented here.
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Figure 3.5: Spectra of all the new WN9h stars presented here.
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Figure 3.6: Spectra of all the new WC4 and WC5 stars presented here.
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Figure 3.7: Spectra of all the new WC6 stars presented here.
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Figure 3.8: Spectra of all the new WC7 stars presented here.
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Figure 3.9: Spectra of all the new WC8 stars presented here.
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Figure 3.10: Spectra of all the new WC9 stars presented here.
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Figure 3.11: Spectra of all the new WC9d stars presented here.
50
Figure 3.12: As Figure 1.2, but with the 59 new WR stars presented here. Note that 6 of
these WR stars are the most distant known, on the far side of the Milky Way. Also note the
detection of two WR stars within 1 kpc, indicating that even the local sample is still up to
30% incomplete (see Chapter 4).
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Figure 3.13: As Figure 2.2, but with the 59 new WR stars presented here. As these stars are
(necessarily) in the AMNH Survey bounds, the axes have been changed to −90◦ < l < 60◦
and −1◦ < b < 1◦.
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Chapter 4
The Galactic Population of WR Stars
One of the key questions we have tried to answer is: how many WR stars remain in the
Galaxy to be identified? We compare the two most recent models of the Galactic population
of WR stars. Then, we examine the remaining candidates in the AMNH survey, and what
conclusions we can draw from them.
4.1 Models
The first model we examine is detailed in Appendix B of Shara et al. (2009), an expansion of
that presented in Shara et al. (1999). By adjusting for the dependency of the WR/O ratio
on metallicity as per Maeder & Meynet (1994), this model uses the Galactic dust map of
Drimmel & Spergel (2001) (a good tracer of O stars) to predict the distribution of WR stars.
This distribution is scaled to the local surface density of WR stars (from van der Hucht,
2001) to derive an estimate of ∼ 6400 WR stars in the global population. WR stars are
treated as a roughly homogeneous population, with a single value for intrinsic magnitude in
both K and V bands taken from van der Hucht (2001) for all WR subtypes.
The second analysis, described in Rosslowe & Crowther (2015a), Section 4, constructs
a model of the WR population based on the Galactic distribution of H ii regions, as per
Paladini et al. (2004), rather than dust. Some heuristics are applied, notably accounting for
suppressed star formation within RG < 3 kpc by fixing the WR population within this region
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to 250 stars, with most of these residing in the central molecular zone (CMZ) located within
500 pc of the Galactic center. This distribution is used to randomly generate a population of
WR stars, split into 4 subtypes (with relative numbers to match those observed). The model
is scaled by fitting the derived magnitude distribution (using the calibrated NIR absolute
magnitudes from Section 2 of that work) to the observed distribution, for nearby WR stars
with little extinction; this leads to a best-fit estimate of 1200± 200 WR stars in the Galaxy.
The estimates of local surface density from van der Hucht (2001) are based on a count of
the 219 WR stars for which, at the time, reliable heliocentric distances could be calculated.
Since then, the number of reliable photometric distances for Galactic WR stars has more
than doubled, allowing us to better determine the radial surface density of Galactic WRs;
compare van der Hucht (2001, Figure 10) with Figure 4.1 here. In addition, reduced star
formation in the central regions of the Galaxy (Misiriotis et al., 2006, Figure 8), other than
the CMZ, will reduce estimates of the expected number of WR stars from that in Shara
et al. (2009), but only by ∼ (3kpc)2/(10kpc)2, i.e. by about 10%, from ∼ 6400 to ∼ 5750.
Figure 4.2 shows the cumulative Ks magnitude distribution for the current catalog of
Galactic WR stars which can be matched to sources in the 2MASS all-sky source catalog.
Comparing Figure 4.2 with Shara et al. (2009, Figure 6), reproduced here as Figure 4.3,
suggests that the current catalog of 633 known WR stars is more than 50% incomplete at
Ks = 11. According to Figure 4.4, which shows Ks magnitude vs photometric distance for
non-dusty Galactic WRs, the great majority of Galactic WR stars with Ks < 11 are located
at a distance of . 7 kpc from the Sun. The K-band absolute magnitude of a WR star
is typically MK = −4.5. WR stars at 15-20 kpc from the Sun suffer ∼ 6 magnitudes of
absorption, so they must be as faint as K = 17− 18 (see also Chapter 5). We conclude that
the current catalog of Galactic WR stars is incomplete locally, and badly incomplete beyond
5 kpc.
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Figure 4.1: Surface density of Galactic WRs as a function of Galactocentric radius, as
an update to van der Hucht (2001, Figure 10). No effort has been made to correct for
incompleteness.
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Figure 4.2: Cumulative number of spectrographically-confirmed WR stars in the literature,
as a function of Ks magnitude, for all WR stars which can be matched to sources in the
2MASS all-sky catalog. ∼ 70% of all known WR stars are at Ks ≤ 11. Magnitudes taken
from 2MASS.
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Figure 5. Number of WR stars along a line of sight within a Cpapir field up to a magnitude K = 15. The inner contour represents 35 WR stars per field and each
contour represents intervals of 5 WR stars per field.




NWR (0, 0, z) dz = 2.87 × 10−6 pc−2.
And applying this constraint to NWR(r, l, z) we obtain
NWRo =









= 2.09 × 10−8 pc−3.
Finally, the conversion of the WR star density from a spatial
(NWR(r, l, z)) to a magnitude (ηWR(m, l, z)) dependence is done
in two steps. First, we use the conservation of stars in both
systems to write
ηWRdmdldz = NWRrdrdldz.
Then, the radial distance r is converted to the magnitude k
using the inverse square law of light attenuation accounting for
interstellar extinction:
5 log r − 5 = k − Mk −
∫ r
0
ak (r, l, z),
where the extinction ak(r, l, z) allowing for a spherical hole in
the interstellar dust at the center of the Galaxy is (see Drimmel
& Spergel 2001)

















R(r, l) < 0.5Ro
,
with ako = 1.08×10−4 mag pc−1 (Mathis 1990) and the intrinsic
magnitude of WR stars in the K-band Mk = −4 mag (van der
Hucht 2001).
These equations have been solved numerically to determine
the star density ηWR(k, l, z) to an accuracy better than 1% using
a Monte Carlo method with a Sobol quasi-random number
generator in three dimensions. By integrating over the whole
Galaxy the model predicts ∼ 6400 WR stars which is very
close to the 6500 predicted by van der Hucht (2001).



















Figure 6. Cumulative number of WR stars as a function of detection limit of
the present survey.
Further validation can be carried out by applying this model
to the V band where most WR stars have been detected so far. It
is then possible to compare the observed to the predicted number
of WR stars. To do so, we adopt MV = −5 mag (van der Hucht
2001) and aVo = 1.0×10−3 mag pc−1. According to the model,
the number of WR stars observable up to a magnitude of V =
15, 12, and 10 are respectively 153, 79, and 42. These numbers
are very close to the respective observed numbers reported by
van der Hucht (2001) of 159, 80, and 36. It is again apparent
how important it is to continue the search for new WR stars in
the infrared.
Figure 3 shows the contour plot representing the necessary
target K magnitude to detect 95% of all WR stars along a line
of sight. Figure 4 shows the number of WR stars expected per
CPAPIR field and Figure 5 presents the same information for
K " 15. Figure 6 shows the cumulative number of expected
Galactic WR stars as a function of K magnitude. At K = 11,
12, 13, and 14, the expected numbers of Galactic WR stars are
1200, 2500, 4200, and 5400.
Figure 4.3: Cumulative number of WR stars predicted as a function of Ks magnitude in the
AMNH narrowband survey, using the Galactic WR distribution model adopted by Shara
et al. (2009), reproduced here from Shara et al. (2009) Figure 6, for comparison.
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Fit to non−dusty WCs
Figure 4.4: 2MASS Ks magnitude versus photometric distance for WR stars by subtype.
Distances for dusty WCLs are likely overestimated due to heavy extinction from the sur-
rounding dust clouds, but those for non-dusty WCs are much better constrained. The dashed
line is a fit to the non-dusty WCs (see Chapter 5 for more details). This figure demonstrates
that any complete catalog of Galactic WR stars must include stars as distant as 18-20 kpc

































Figure 4.5: All currently-known WR stars in the solar neighborhood, other than those
described in this work. The Sun is marked with the usual symbol, at 8 kpc from the
Galactic Center, along the x axis. The direction to the Galactic Center is marked with the
purple arrow. Total population estimates were calculated based on surface density in each
of the three circles drawn, with radii of 1 kpc, 2 kpc, and 2.5 kpc. Large symbols have
distances determined by cluster fitting, while smaller symbols are photometric. Placement
of this circle in the Galaxy was chosen so that the largest area (radius 2.5 kpc)
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4.1.1 Additional Tests
As a “sanity” check, we can compare these two models with other, less sophisticated means
of estimating the total population. If we accept the assertion of Rosslowe & Crowther
(2015a) that massive star formation within 3 kpc of the Galactic Center is suppressed, we
can extrapolate the total number of Galactic WR stars, based on the surface density of
nearby WR stars. This assumption is valid if the Sun does not reside in a special region of
the Galaxy with a peculiarly high massive star formation rate. There are currently known
73 WR stars which reside less than 3 kpc or more than 10 kpc from the Galactic Center.
If we measure the surface density of known WR stars in the region near the Sun, as shown
in Figure 4.5, and apply that surface density to the entire annulus between 3 and 10 kpc
from the Galactic Center, we calculate (after adding the 73 inner and outer WR stars back
in) 1282, 1347, or 1802 Galactic WR stars in total, when we assume the currently observed
surface densities at radii of 2.5 kpc, 2 kpc and 1 kpc from the Sun. The 2.5 kpc sample is
roughly consistent with the population values calculated in Rosslowe & Crowther (2015a).
The expected number of WR stars as a function of heliocentric distance, shown in Figure 2.1,
was calculated using this method. That the highest surface density (and derived Galactic
population) corresponds to the 1 kpc search radius indicates that there may well be 30%
incompleteness in even the 2.5 kpc sample.
We can also crudely estimate the Galactic WR population as follows. Adopting a generous
IMF from Kroupa (2001) (taking the lower 99% confidence bound for α in each part of
Equation 1) and scaling to the highest SFR in Robitaille & Whitney (2010), we integrate
from 25-100 M and arrive at the most generous massive star formation rate of 1.4 × 10−2
WR progenitors per year in the Milky Way. For an estimated WR lifetime of 300 kyr, we
arrive at an upper bound of . 4000 WR stars in the Milky Way, still less than the estimates
of van der Hucht (2001) and Shara et al. (2009). More conservative values (the quoted mean
α in each part of Kroupa (2001) Equation 1) for the IMF result in a much lower estimate
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of ∼ 1000 WR stars (for the same WR lifetime), consistent with the estimates in Rosslowe
& Crowther (2015a). We conclude that the best estimates of the total number of WR stars
in the Milky Way are in the range 1000-3000, but the number remains uncertain by at least
50%. Most of the uncertainty stems from our lack of a reliable and complete census of
WR stars within ∼ 7 kpc, and even more so on the far side of our Galaxy. Our progress
in improving the Galactic WR star catalog is detailed in the rest of this chapter, and in
Chapter 5.
4.2 Remaining Candidates
From the criteria in Section 2.2, and especially in Figure 2.6, we can see that NIR identifi-
cation of WN stars, particularly WNE, is still challenging. However, WC stars (particularly
WCE), are much easier to locate, and can be selected with robust photometric criteria. With
enough spectrographic time – of order 1000 hours – on sufficiently powerful NIR telescopes,
we now show that a nearly complete catalog of non-dusty Galactic WCs is an achievable
goal. There are still many candidates which are too faint to have been observed on smaller
NIR telescopes. With that in mind, we apply the selection criteria previously noted, and
draw some conclusions about the completeness of such a catalog.
4.2.1 Selection Criteria
As noted above, we have measured the brightnesses of 100 Million Galactic Plane stars in
the 3 BB and 4 NB filters described in Table 2.1.
• We begin by applying NB color cuts of He i−C iv≥ 0.5 and Br-γ−C iv≥ 0.5 to those
100 million stars, to isolate those with likely strong C iv emission.
• The photometry from ∼ 200 of the 1200 fields included in this search is suspect, and
so we eliminate candidates from any field which produced more than 100 candidates.
These include many of the most densely populated fields in our survey, located near
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the Galactic Center. We also eliminate any candidates with photometric uncertainty
greater than 0.2 mag.
• Using the cut shown in Figure 2.8, we remove more than 75% of what might otherwise
be promising WC candidates, as shown in Figure 4.6. (We retain these candidates as
promising [WC] stars, discussed in Chapter 6.) As most of the remaining candidates
are too faint to appear in the 2MASS catalog, we use the CONT2 NB filter and
the J BB filter from Shara et al. (2009) as analogs for the 2MASS Ks and J filters,
respectively; Figure 4.7 shows that these are acceptable substitutes.
• Each of the remaining ∼ 10, 000 candidates was visually examined in the NB survey
images, to eliminate detector artifacts or ”ghosts” (artifacts produced by reflections
inside filters) from saturated stars. In addition, any candidate whose NB magnitudes
were contaminated by blending with brighter objects in one or more filters was also
removed at this stage, as were any objects already identified or observed.
These criteria are designed to select WC stars with strong C iv lines – i.e., WCEs and non-
dusty WCLs. Note that the NIR/MIR cut with colors from the 2MASS and WISE surveys
was not included in the selection criteria, as very few of these candidates are associated with
objects in those catalogs.
834 WC candidates, out of 100 million stars examined, satisfy all of the above criteria.
They are listed in Table B.1. This is a catalog of many of the hottest objects in the entire
Galaxy, and is a central result of this thesis. We discuss these stars in the following chapter.
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Figure 4.6: Applying the cut in Figure 2.8 removes more than 75% of WC candidate, because
they are too faint, for their colors, to be classical WR stars. Many of these are excellent
[WC] candidates, valuable tracers of the youngest and hottest planetary nebulae in the solar
neighborhood, as discussed in Chapter 6. The contours mark the boundaries of 75%, 50%,
and 25% of the candidates, from outer to inner.
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Figure 4.7: Comparison of J and CONT2 filter photometry from Shara et al. (2009) with J
and Ks from 2MASS. The J CONT2 filter magnitudes are seen to be a good analogue for




The Total Number and Galactic
Spatial Distribution of WC
Candidates
Of the entire Galactic Plane survey Shara et al. (2009), 834 WC candidates for which spectra
have not yet been taken survive the photometric selection criteria in the previous chapter.
How many WR stars do we expect remain undiscovered? Estimating the answer to this
question requires considering the completeness limits and detection efficiency of the AMNH
WC star survey.
5.1 Completeness
We can estimate the completeness of our candidate list by examining the catalog of known
Galactic WR stars. According to the 8th catalog (Rosslowe & Crowther, 2015a), there are
505 WR stars within the survey extent described in Shara et al. (2009). 383 of these are
unsaturated in the images (366 with Ks > 9 and an additional 17 with no Ks magnitude in
the 2MASS catalog), and 170 of the unsaturated stars are WC stars. Our survey photometric
catalog contains C iv, He i, and Br-γ magnitudes for 105 of these WC stars; thus our survey
is ∼ 62% complete. Of the remaining 65 WC stars, 14 of them are in areas of nebulosity or
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extreme crowding, which made it impossible to measure reliable magnitudes for the stars;
the remainder lie in very crowded fields which were discarded (see Section 2.2).
5.2 An Estimate of the Total Number of WR stars in
our Galaxy
The effective magnitude limit of the AMNH NB survey is K ∼ 14 Shara et al. (2009).
Figure 5.1 shows the maximum distance at which non-dusty WC stars could potentially be
observed, assuming an extinction of AK ∼ 3 mag and the absolute magnitude calibrations
of Rosslowe & Crowther (2015b). It is clear from Figure 5.1 that Ks ∼ 14 is insufficient to
find WC stars beyond 8-15 kpc, depending on WC subtype.
With a magnitude limit of K ∼ 14, there are only 834 candidate WCs. By fitting a
power law to photometric distance of Ks magnitude for non-dusty WCs, as in Figure 5.2,
we can extrapolate distances for these candidates (once more using CONT2 in place of Ks
for the candidate WCs). We find that a magnitude limit of Ks ' 16.3 is required to identify
non-dusty WC stars to a distance of ∼ 20 kpc.
Figure 5.3 shows the magnitude distribution of these 834 WC candidates, relative to
the distribution of known WR stars; this candidate sample is only complete to K = 13.3.
The red Gaussian curve in Figure 5.3 is a fit to the distribution, allowing us to estimate
approximately how many stars with Ks > 13.3 are missing from our survey. (The choice
of a Gaussian model, peaking at the same magnitude as the survey peak, was a matter of
ease of fitting, as well as a visual inspection to make sure the shape of the distribution was
not wildly non-Gaussian.) This leads to a total number of ∼ 1056 potential WC candidates.
When correcting for candidates in clusters or particularly crowded fields (see Section 5.1,
we arrive at a grand total of ∼ 1700 potential WC star candidates if the survey was 100%
complete to K = 16.3.
Based on the candidate success rate from Kanarek et al. (2015), we estimate a 50%
66
Figure 5.1: Effective maximum observable distance for non-dusty WC stars, with a survey
magnitude limit of K ∼ 14, assuming extinction of AK ∼ 3 mag through the Galactic plane.
Absolute magnitudes for WC stars taken from Rosslowe & Crowther (2015b, Table 6).
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Figure 5.2: Photometric distance vs Ks magnitude for WC stars, fit with a power law, to
extrapolate distances for WC candidates. The extrapolation of this power law curve curve
shows that a survey complete to Ks ' 16.3 is needed to locate almost all of the Galaxy’s
WR stars.
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Figure 5.3: Histogram of K magnitudes (2MASS Ks and CONT2) for known WR stars
and the WC candidates presented in this thesis. The known WR stars peak at Ks ∼ 11,
while the candidates peak at CONT2 ∼ 13.3. The magnitude limit of our survey’s WC
candidates is K ∼ 14. The red Gaussian provides a simple estimate of the total population
present between K = 12 and K = 16.3.
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success rate from this sample, or ∼ 850 new WC stars. Assuming the true proportion of WC
to WN stars is the same throughout the Milky Way as that which is currently observed, this
would imply that there are ∼ 1980 WR stars of all subtypes remaining to be discovered in
the Milky Way, for a grand total of ∼ 2600 WR stars in the Galaxy.
Using the fit line from Figure 5.2, we can extrapolate distances for the 834 candidates,
allowing us to plot the distribution of candidates on the plane of the Milky Way, as in
Figure 5.4. We see the expected clustering of candidates along the Carina, Norma, and
Scutum-Crux arms of the Galaxy. The significant majority of the candidates lie within 10
kpc of the Galactic Center, in similar proportions to the observed WR stars in the solar
neighborhood. Intriguingly, though, we find roughly 100 candidates well beyond 8 kpc from
the Galactic center.
































Figure 5.4: A top-down projection of the Galactic WR distribution, with WC candidates
from Appendix B included as purple dots. Candidate positions are based on extrapolated
photometric distances. The discrete clustering of candidates is due to the separate processing
and calibration of individual field images, and is almost certainly non-physical. The Sun and
the Galactic Center are marked with large black symbols. The Shara et al. (2009) survey
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Planetary nebulae (PNe) have strong emission lines in the Ks-band NIR spectrum, most
notably He i (2.058 µm) and the H i–Br-γ doublet (2.166 µm) (Likkel et al., 2006), and
are often found as ”by-products” during Wolf–Rayet (WR) surveys cf. Shara et al., 2012;
Kanarek et al., 2015. Figure 6.1 shows some example PN spectra from the observations
detailed in Section 3.1 The central stars of planetary nebulae (CSPNe) are far more rarely
identified in continuum surveys due to their intrinsic faintness. Galactic plane CSPNe are
heavily reddened, so narrowband NIR surveys are essential to find large samples.
Of the currently ∼ 500 Galactic CSPNe with spectroscopic classification (Weidmann &
Gamen, 2011), approximately 30 per cent are H-poor, with ∼ 22 per cent displaying WR-
like emission lines. These have been named [WR]s, the notation first introduced in van der
Hucht et al. (1981). The great majority are carbon-dominated [WC]s showing strong carbon
emission, with the first [WN] recently confirmed in Miszalski et al. (2012). The hydrogen
deficiency and carbon-richness of these [WR] CSPN spectra is likely due to dredge-up from a
late-stage thermal pulse (Werner & Herwig, 2006). Nebulae associated with early-type [WC]
stars are typically more evolved than those of late-type [WC]s, implying an evolutionary
sequence from late to early type (Peña et al., 2001); this is in contrast to classical WR stars,
which show no obvious intra-type evolution (Crowther, 2007).
While the primary targets for the survey discussed in Section 2.1 are new and distant
classical WR stars, we also found planetary nebulae and other hot stars. The majority of
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Figure 6.1: A selection of PN spectra from observations described in Section 3.1
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candidates from this survey are at 14 ≤ Ks ≤ 15, and would require significant time on large
telescopes equipped with sensitive NIR spectrographs. To isolate [WC] candidate stars from
the survey images, we choose candidates that simultaneously display CIV emission, and are
too faint and blue to be classical WR stars in a Ks versus J −Ks color-magnitude diagram
(i.e., below the cut line in Figure 2.8). The C iv emission-line condition is fulfilled by
imposing the constraints C iv−Br-γ ≤ −0.3 and He i−He ii≤ +0.3. The former constraint
excludes classical WR stars, and places our candidates solidly in the regime of known CSPNe
and literature [WC] and [WO] stars.
6.1 Proof of Concept Observations
To demonstrate the viability of these selection criteria, we observed 7 very faint, Ks-band
C iv emission-line targets, using the Melipal (UT3) telescope, part of the Very Large Tele-
scope (VLT) at Paranal. These candidates were ∼ 2 magnitudes fainter than the classical
WR stars of similar color, indicating much less extinction, and therefore much lower lumi-
nosities, than one would observe in classical WR stars at the same magnitude, and thus
were very strong candidates for [WC] stars. Figure 6.2 shows an NB color-color plot, and
Figure 6.3 shows the BB color-magnitude selection diagram, including these 7 objects, along
with 2 objects from previous work which we reclassified as [WC] stars (see Kanarek et al.,
2016, Section 3.1).
6.1.1 Observations & Results
Spectrographic confirmation of these faint emission candidates required an 8-meter-class
telescope equipped with an IR spectrograph. In the summer of 2013, we observed these
stars with the Infrared Spectrometer And Array Camera (ISAAC Moorwood et al., 1998)
on the VLT. We used the instrument in SWS1-MR mode, with a 0.6” slit, for a resolution
of R = 4400 over the range 2.049-2.175 µm. Each target was observed for 240 seconds per
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Figure 6.2: Narrowband color-color plot, using emission-line filters in the NIR. WCs separate
out clearly, and the 7 new objects presented here (colored purple in the figure) are consistent
with objects which have C iv emission lines. ”Other” objects (colored black) are a mix of
red supergiants and young stellar objects with weak Br-γ emission, and some non-emitting
red giants.
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Figure 6.3: 2MASS J − Ks vs Ks for field stars, WNs and WCs (in the literature), PNe,
and [WC]s from the literature, previous work (see Kanarek et al., 2016, Section 3.1), and
the objects presented here. The new objects’ positions in the infrared color-magnitude
diagram strongly suggests that they are hot central stars of planetary nebulae. They are too
blue, given their faint Ks magnitudes, to be classical WR stars. WR and [WC] magnitudes
come from coordinate searches in 2MASS (Skrutskie et al., 2006); coordinates for WRs
in the literature are from Rosslowe & Crowther (2015b), while [WC] coordinates are from
Weidmann & Gamen (2011). PNe magnitudes are from the VVV survey (Weidmann et al.,
2013) (VVV magnitudes are calibrated to unsaturated 2MASS).
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dither, with at least 6 dithers for each star. All 7 observed candidates displayed emission
lines, notably the 2.059 µm He i line in each spectrum. Five of the spectra display the 2.081
µm C iv line and the C iii line at 2.122 µm. The spectra of these objects are shown in
Figure 6.4.
We have already noted above that objects which have very strong C iv emission and
are very blue (J − Ks < 2) can be classical WR stars only if Ks < 12 − 13. The seven
candidate stars chosen for this study are ∼ 1.5− 2 magnitudes fainter. These seven objects
fall squarely in the region of the CMD occupied exclusively by PNe. Classical WR stars are
far too luminous to be as faint in K-band as these seven candidates for the J − Ks colors
we observe. To demonstrate this further, in Figure 6.5 we show plots of distance vs Ks and
J − Ks for classical WR stars in clusters. We then extrapolate a distance for the seven
objects presented here based on a simple linear fit in each case. The two sets of distances
display a severe mismatch, clear evidence that these objects cannot be classical WR stars.
These objects are unresolved in the imaging survey, showing no extended nebula. One
might expect an unresolved CSPNe spectrum to show a strong nebular 2.162 µm Br-γ line,
but in [WC] stars this line is weak or nonexistent. Figure 6.6 shows K-band spectra of three
[WC]s from Biĺıková et al. (2012, Fig. 7). Only one of the [WC]s contains a significant Br-γ
line, and it is weak compared to the strong WR lines. Could these 7 objects instead be very
hot O stars? The answer is no, as is made abundantly clear by the K-band spectra of hot O
stars in Hanson et al. (2005). For those stars, in every case the 2.112 µm He i/N iii doublet
is stronger and/or broader than the 2.081 C iv line, either in emission or absorption, while in
the 7 objects presented here, this 2.112 µm line is either extremely weak or entirely absent.
6.1.2 Massive Central Stars of Planetary Nebulae
Analyses in Weidmann & Gamen (2011, see Figure 1) show that H-poor CSPNe (including
[WR] stars) cluster more strongly toward the Galactic plane than H-rich CSPNe. Figure 6.7
shows the distribution in Galactic latitude of [WR] stars, overlaid on a progression of stars
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Figure 6.4: Spectra of the [WC] stars identified here. While the S/N of each spectrum is
modest, it is sufficient to see the strong emission features at 2.059 µm (He i) and 2.08 µm
(C iv). The “absorption” at 2.124 µm in spectrum 0583-114B is an instrumental artifact.79
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Figure 6.5: Distance vs 2MASS Ks (top) and J − Ks (bottom) for classical WR stars in
clusters. A linear fit is shown as the red dashed line, and the blue X’s are extrapolated
distances in each case for the 7 objects presented here. The severe mismatch in the two
extrapolated distances demonstrates conclusively that these are not classical WR stars.
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Figure 6.6: K-band spectra of NGC 6369, NGC 6751, and NGC 6905, the three [WC]s in
Figure 7 of Biĺıková et al. (2012), from observations with NIRI on Gemini. The [WC] spectra
display very little Br-γ emission at 2.16 µm.
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from Hipparcos (Perryman et al., 1997), Gliese (Gliese & Jahreiss, 1995), and Yale BSC
(Hoffleit & Warren, 1995), from O (≥ 15.5 M, from Martins et al. 2005) → B (2− 18 M,
from Habets & Heintze 1981; Nieva & Przybilla 2014) → A (1.5 − 2.5 M, from Habets &
Heintze 1981; Boyajian et al. 2013) → F & G (0.2 − 2 M, from Habets & Heintze 1981;
Boyajian et al. 2013). It is clear that the more massive stars cluster more strongly toward
the Galactic plane, which suggests that H-poor CSPNe evolve from more massive progenitor
stars than H-rich PNe (Weidmann & Gamen, 2011).
However, Figure 6.7 also demonstrates the observational gap in the literature for [WR]
stars within ±1◦ of the Galactic plane, where the proportion of [WR] stars should be the
highest. These 7 new [WC]s lie directly in this undersampled region, as evidence that this
region contains large numbers of [WR] stars yet unidentified. A future survey for Galactic
plane [WR] stars must be carried out, to constrain the properties of this evolutionary stage
between the post-AGB phase and the white dwarf (WD) phase. The presence (or absence)
and relative strengths of He i, He ii, C iii, and C iv emission lines in such spectra can
be used to gauge the temperature of this pre-WD population, and provide insight into the
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Figure 6.7: The normalised distribution of stars and [WR]s in Galactic latitude. The progres-
sion from F and G stars (red) to A stars (green), B stars (blue), and then to O stars (purple),
shows increased clustering toward the Galactic plane as a function of stellar mass. The [WR]
star distribution is also clustered tightly near the Galactic plane, supporting the hypothesis
of Weidmann & Gamen (2011) that [WR]s are likely to arise from more-massive progenitors
than H-rich CSPNe. However, the literature shows extreme undersampling within 1◦ of the
Galactic plane, where the most massive CSPNe are likely to reside. The 7 new [WC]s pre-
sented here (as well as two others from Shara et al. 2009, 2012) begin to fill the gap. B, A,
and G stars taken from Hipparcos (Perryman et al., 1997), Gliese (Gliese & Jahreiss, 1995),




Due to the peculiarities of their spectra, Wolf-Rayet stars can be identified in crowded fields,
and throughout our Galaxy. The prospect of completely cataloging a single type of star in
the Galaxy is what originally piqued my interest in WR stars. In a Galaxy of 100 billion
stars, the idea of having a complete catalog of any one type is almost unbelievable, but that
indeed has been my goal for the past several years.
The current catalog of Galactic WR stars sits at 633 members, which is unlikely to
be even 50% of the total population. The stars in this catalog are predominantly nearby,
with 90% of them residing within 10 kpc of the Sun. The far side of the Galaxy is still
nearly Terra Incognita. Certainly, a large portion of this is due to the small number of
(and high demand for) IR telescopes and spectrographs powerful enough to record high-
quality spectra of Ks ≥ 13 stars. Still, we can take heart from the fact that the number of
known WR stars more than doubled in the 10 years since van der Hucht (2006), thanks to the
development of sophisticated NIR selection techniques, large NIR surveys, and higher-quality
IR instruments.
The survey detailed in Section 2.1 is an important resource, both for finding WR stars,
and other emission sources (PNe, Be stars, red supergiants, and young stellar objects). There
is tremendous potential for cataloging enormous numbers of interesting objects, with the
development of strong selection criteria. Already, techniques have been tested for identifying
very hot planetary nebulae with great success (Kanarek, 2016b). The AMNH survey has
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already contributed ∼ 28% of the Galactic population of WR stars, and will continue to
produce them as long as there is more telescope time.
In theory, the image subtraction techniques from Section 2.2 should be the ideal method
for identifying WR candidates. In practice, this is very difficult with ground-based data
due to fluctuating PSFs, which make good subtractions exceedingly complicated to achieve.
A narrowband NIR imaging survey carried out by a space telescope (with a stable & well-
understood PSF) would likely make image subtraction the leading method of emission can-
didates.
With sufficient emission-line coverage, narrowband photometric surveys can act as effi-
cient, extremely-low-resolution spectrographs, which can successfully identify emission lines
as strong as those in WR spectra. However, photometric techniques are not yet sophisticated
enough to differentiate between subtypes. Each candidate must still be confirmed by spectral
follow-up. It is possible that an IFU might be able to approach the speed and efficiency of
photometry at identifying WR candidates, when used on sufficiently crowded fields.
The agreement between the established position of the Galaxy’s spiral arms and the
concentrations of WR stars is suggestive but far from exact. This was first noted by Smith
(1968c), but has yet to be conclusively addressed, as was remarked upon by Conti (2015)
at a recent WR star conference. Only by completing the catalog of Galactic WR stars and
filling in the huge gaps in the WR star map of the far side of the Galaxy can we resolve this
question.
Material in Chapters 2 and 3 taken from Kanarek et al. (2015); Kanarek (2016a). Chap-
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Appendix A
Spectroscopic Pipeline for Data
Reducton (SPIDR)
Over the course of research for this work, I spent significant time developing the Spectroscopic
Pipeline for Interactive Data Reduction (SPIDR) to perform the majority of my spectral
reduction tasks. This software arose from a need for sophisticated spectral reduction tools
that make use of modern techniques and programming languages. Having used iraf for part
of the reduction discussed in Section 3.2, I found it to be very temperamental and opaque,
especially compared to excellent tools such as SpeXtool, which can only be used on IRTF
data. I wrote SPIDR to be powerful and fast enough to be used on any kind of spectra,
but intuitive to use, and interactive in a pleasing way. While a detailed description of this
software will be published elsewhere, a brief overview is included here.
SPIDR is a broadly-applicable software tool for reducing spectral data. It is designed to
handle data from many different instruments, providing a full-stack reduction pipeline (raw
exposures to calibrated spectra) on multiple platforms. The code is written in python,
with computationally-intensive computations implemented in Cython for speed, while the
interface is built with the Kivy GUI framework. By making extensive use of astropy,
SPIDR can create transferable data with standardized data structures, manipulate standard
FITS files, and perform fits with the astropy.modeling package.
The SPIDR algorithm (briefly) is as follows:
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Pre-process image files. Perform flat-field correction, then remove sky emission with an
A-B difference image. Identify the region on the difference image with the trace to be
extracted. Also construct a sky image with min(A,B) to use for wavelength calibration.
Trace the spectrum. Working with the difference image, take a cross-section of the ex-
traction region, and choose positive and negative apertures. Construct a model cross-
section as a sum of individual aperture PSFs, then perform an initial fit. If this fit is
acceptable, begin at the center and work outwards in both directions along the dis-
persion axis, fitting each cross-section with the model to trace the spectrum over the
entire region. Fit the trace with a 2nd-order polynomial to account for poor fits at
faint wavelengths or fluctuations in chip sensitivity.
Determine the best-fit PSF, and extract the spectrum With the spectrum trace de-
fined, fit along the dispersion axis again, fixing the center of each aperture, then com-
bine along the dispersion axis to produce a best-fit PSF for each aperture. Extract
each aperture by convolving the image with each individual model, then sum along the
off-axis.
Wavelength calibration. Extract a calibration spectrum from the sky image for each A-
B pair; then, construct a synthetic comparison spectrum from a list of infrared at-
mospheric lines. Visually match emission lines between the two spectra, and fit the
line centroids with a 2nd-order polynomial to produce a wavelength solution for each
extracted spectrum.
Combine multiple dithers. Once all observations of the same target have been wavelength-
calibrated (usually a set of ABBA dithers), scale them to match the signal strength,
then combine using a weighted mean, to reduce spectral noise and remove cosmic rays.
Telluric correction. Use observations of telluric standards (A0V stars) to correct the sci-
ence spectra for atmospheric absorption.
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Appendix B
Catalog of 834 New WC Star
Candidates
Presented here are the 834 WC candidates discussed in Chapter 5.
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Table B.1: The catalog of 834 WC candidates. l and b are Galactic longitude and latitude, measured in degrees. CONT2
and J are filters from the AMNH NB survey, with CONT2 taking the place of 2MASS Ks and J taking the place of 2MASS
J . Comparisons to 2MASS for these diagnostic magnitudes are in Figure 4.7. He i−C iv and Br-γ−C iv are measured in
magnitudes, and are metrics of the strength of the C iv emission line in these candidate WR stars.
ID α (J2000) δ (J2000) l b He i−C iv Br-γ−C iv J CONT2 J −CONT2
1 09 28 08.339 -51 55 15.21 -85.633 -0.699 0.65 1.15 16.16 13.75 2.41
2 09 35 14.077 -53 18 20.47 -83.901 -0.979 0.57 0.64 13.99 13.23 0.76
3 09 39 17.413 -53 57 01.33 -83.023 -1.058 0.63 0.62 14.33 12.97 1.36
4 09 41 29.410 -53 57 34.35 -82.773 -0.852 0.85 0.59 13.87 13.07 0.80
5 09 43 02.959 -53 34 25.87 -82.851 -0.409 0.69 0.61 14.77 13.42 1.35
6 09 52 52.599 -54 24 17.42 -81.209 -0.126 0.62 0.58 14.71 13.44 1.27
7 09 54 09.972 -53 54 18.50 -81.373 0.383 0.52 0.61 14.92 13.44 1.48
8 09 54 31.311 -53 50 31.79 -81.371 0.465 0.67 0.56 15.13 13.48 1.65
9 10 08 55.598 -55 30 19.01 -78.708 0.385 0.54 0.51 14.33 13.21 1.12
10 10 33 47.761 -58 00 04.75 -74.493 0.136 0.51 0.55 14.67 13.39 1.28
11 10 33 50.936 -58 02 54.94 -74.463 0.099 0.86 1.32 16.54 13.06 3.48
12 10 35 45.630 -57 48 08.17 -74.366 0.439 0.82 0.71 15.86 13.38 2.48
13 10 36 10.543 -57 46 04.71 -74.335 0.496 0.59 0.64 14.98 13.31 1.67
14 10 39 57.510 -58 07 46.12 -73.721 0.426 0.62 0.53 16.29 13.67 2.62
Continued on next page...
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Table B.1 – continued from previous page
ID α (J2000) δ (J2000) l b He i−C iv Br-γ−C iv J CONT2 J −CONT2
15 10 42 02.095 -59 54 25.32 -72.634 -1.005 0.56 0.59 13.19 12.53 0.66
16 10 42 26.664 -59 56 41.22 -72.571 -1.014 0.64 0.55 15.04 13.53 1.51
17 10 43 07.863 -59 56 53.34 -72.493 -0.976 0.78 1.04 15.15 12.81 2.33
18 10 44 00.396 -59 24 52.40 -72.647 -0.453 0.61 0.54 16.71 13.53 3.18
19 10 44 06.731 -59 31 42.87 -72.582 -0.548 0.58 0.60 15.24 12.49 2.75
20 10 44 25.942 -59 24 17.56 -72.604 -0.419 0.53 0.52 16.26 13.43 2.83
21 10 44 50.830 -59 23 44.19 -72.562 -0.387 0.54 0.72 14.27 12.75 1.52
22 10 44 55.466 -59 27 22.35 -72.525 -0.436 0.77 0.52 14.84 12.94 1.91
23 10 44 56.862 -59 27 28.44 -72.521 -0.436 0.55 0.69 13.44 12.95 0.49
24 10 45 29.246 -59 26 47.90 -72.466 -0.394 0.55 0.87 15.72 13.53 2.19
25 10 45 46.454 -59 31 02.44 -72.401 -0.440 0.50 0.80 15.31 13.20 2.11
26 10 45 58.250 -59 27 19.85 -72.407 -0.373 0.50 0.61 13.73 13.14 0.59
27 10 47 45.425 -59 27 55.52 -72.201 -0.278 0.58 1.17 13.53 12.74 0.78
28 11 12 00.289 -61 38 02.46 -68.591 -1.007 0.64 0.78 14.79 13.10 1.69
29 11 13 32.388 -61 00 27.45 -68.652 -0.357 0.52 0.69 15.17 13.41 1.76
30 11 15 46.619 -61 03 29.66 -68.382 -0.305 0.60 0.53 14.49 12.41 2.07
31 11 16 05.980 -61 05 09.55 -68.335 -0.317 0.96 0.72 14.50 13.41 1.09
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32 11 16 28.521 -60 37 29.52 -68.458 0.130 0.85 0.78 14.61 13.37 1.24
33 11 16 31.479 -60 07 24.14 -68.632 0.600 0.59 0.68 13.67 12.86 0.81
34 11 19 42.700 -60 49 57.69 -68.015 0.075 0.60 0.95 14.99 13.44 1.56
35 11 24 40.012 -61 40 19.79 -67.170 -0.514 0.76 0.66 15.72 13.03 2.69
36 11 27 26.744 -61 40 08.40 -66.859 -0.404 0.58 0.54 15.79 13.20 2.60
37 11 28 11.880 -61 29 16.82 -66.832 -0.204 0.96 0.65 14.19 13.16 1.03
38 11 33 58.436 -61 24 23.27 -66.200 0.084 0.53 0.78 14.94 13.29 1.65
39 11 34 26.466 -61 25 06.38 -66.143 0.089 0.72 0.65 14.87 13.49 1.39
40 11 37 27.180 -61 16 31.04 -65.838 0.330 0.67 0.86 14.10 13.15 0.96
41 11 38 00.593 -61 16 20.15 -65.775 0.352 0.92 0.52 15.08 13.46 1.62
42 11 38 05.098 -62 16 01.87 -65.488 -0.601 0.89 1.43 10.60 9.49 1.12
43 12 02 38.408 -62 21 38.60 -62.694 -0.023 0.50 0.68 16.01 13.80 2.21
44 12 07 15.996 -62 12 03.64 -62.193 0.230 0.55 0.51 12.83 10.86 1.97
45 12 10 48.362 -62 20 06.72 -61.765 0.165 0.52 1.07 14.62 13.33 1.29
46 12 13 47.908 -61 55 36.96 -61.481 0.622 0.52 0.78 14.47 12.98 1.49
47 12 16 02.714 -62 10 27.14 -61.186 0.414 0.87 0.73 13.89 13.18 0.71
48 12 17 24.144 -62 09 17.78 -61.031 0.455 0.85 0.63 13.45 12.73 0.72
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49 12 18 55.433 -62 09 02.83 -60.855 0.482 0.54 0.90 15.33 13.22 2.11
50 12 32 26.536 -62 46 30.02 -59.239 0.017 0.50 0.54 15.91 13.73 2.18
51 12 37 52.397 -61 52 24.73 -58.666 0.956 0.60 0.59 15.14 13.54 1.60
52 12 38 03.900 -61 50 44.19 -58.645 0.985 0.77 0.91 16.24 13.39 2.85
53 12 38 04.277 -61 49 31.75 -58.645 1.005 0.81 0.53 15.58 13.20 2.39
54 12 38 56.492 -61 53 57.38 -58.539 0.937 0.69 0.61 16.40 13.85 2.55
55 12 39 03.204 -61 50 19.24 -58.529 0.998 1.21 0.71 16.60 13.62 2.98
56 12 39 23.243 -61 49 22.79 -58.490 1.015 0.85 0.56 16.09 13.45 2.64
57 12 41 20.182 -61 49 42.61 -58.260 1.020 0.66 0.67 13.98 13.08 0.90
58 12 44 18.527 -63 18 18.21 -57.869 -0.444 0.62 0.53 15.68 13.33 2.35
59 12 45 21.248 -62 54 38.00 -57.761 -0.047 0.97 0.50 15.58 13.43 2.15
60 12 45 45.656 -62 51 37.13 -57.715 0.004 0.51 0.60 14.31 10.47 3.84
61 12 49 03.801 -63 40 04.87 -57.331 -0.797 0.62 0.60 16.89 13.85 3.04
62 12 49 41.990 -62 56 01.02 -57.266 -0.063 0.53 0.59 13.11 12.30 0.80
63 12 49 49.178 -63 17 05.33 -57.250 -0.414 0.59 0.70 15.33 11.73 3.61
64 12 49 50.292 -61 56 58.57 -57.256 0.922 0.62 0.54 16.71 13.77 2.94
65 12 55 50.219 -63 27 19.93 -56.577 -0.588 0.53 0.53 16.85 13.88 2.96
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66 12 59 07.507 -62 54 07.82 -56.193 -0.043 1.09 0.64 16.12 13.81 2.31
67 12 59 29.015 -62 53 00.34 -56.151 -0.026 1.21 0.50 17.09 13.64 3.45
68 13 02 42.209 -63 08 55.05 -55.796 -0.305 1.52 0.57 17.14 13.65 3.49
69 13 03 01.238 -62 50 41.24 -55.747 -0.003 0.57 0.62 15.34 13.58 1.76
70 13 03 18.087 -62 54 03.86 -55.718 -0.060 0.88 0.92 16.85 14.04 2.81
71 13 12 39.792 -63 15 06.11 -54.683 -0.478 0.55 0.66 15.81 13.53 2.28
72 13 14 46.783 -62 19 31.68 -54.361 0.424 0.78 0.50 15.83 13.71 2.12
73 13 16 04.834 -62 18 02.14 -54.209 0.434 0.59 0.56 16.05 13.69 2.36
74 13 16 09.188 -62 12 19.61 -54.191 0.528 0.51 0.61 14.73 12.95 1.78
75 13 16 11.180 -62 38 47.51 -54.230 0.089 0.59 0.56 15.43 13.29 2.15
76 13 16 27.426 -62 45 18.84 -54.209 -0.022 0.62 0.59 17.45 14.07 3.37
77 13 16 32.988 -62 18 59.91 -54.156 0.413 0.78 0.82 17.51 14.05 3.46
78 13 17 05.801 -63 11 34.80 -54.180 -0.465 0.53 0.55 15.84 13.51 2.33
79 13 17 10.031 -62 40 34.69 -54.120 0.048 0.61 0.68 16.32 13.71 2.61
80 13 17 32.043 -62 41 30.46 -54.080 0.028 0.51 0.52 16.27 13.40 2.87
81 13 17 49.709 -62 14 24.62 -54.000 0.474 0.97 0.52 16.07 13.62 2.44
82 13 18 17.322 -62 25 18.43 -53.966 0.288 0.61 0.75 17.17 14.09 3.08
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83 13 19 28.711 -62 19 28.77 -53.818 0.370 0.50 0.61 16.07 13.26 2.82
84 13 19 56.653 -62 42 41.20 -53.807 -0.020 0.56 1.85 16.34 13.48 2.86
85 13 20 14.612 -62 12 29.40 -53.717 0.476 0.51 0.73 16.66 13.99 2.68
86 13 20 48.512 -62 46 21.99 -53.716 -0.092 0.52 0.52 16.12 13.38 2.73
87 13 22 15.981 -63 08 59.11 -53.595 -0.486 0.70 0.79 14.15 13.29 0.86
88 13 22 44.941 -63 12 03.34 -53.547 -0.543 0.57 0.56 14.91 13.21 1.70
89 13 22 54.027 -63 14 55.12 -53.536 -0.593 0.74 0.67 14.29 13.32 0.98
90 13 23 21.768 -63 13 54.34 -53.483 -0.582 1.00 0.50 15.46 13.29 2.17
91 13 28 40.360 -62 36 13.56 -52.800 -0.041 1.27 0.94 15.71 13.62 2.09
92 13 28 59.729 -62 22 13.30 -52.729 0.185 0.63 0.56 16.64 13.62 3.02
93 13 29 11.191 -63 10 09.33 -52.824 -0.609 1.09 1.09 12.73 11.11 1.63
94 13 32 23.698 -63 23 18.94 -52.501 -0.881 0.53 0.52 14.30 12.74 1.56
95 13 34 42.935 -63 30 30.34 -52.264 -1.041 0.51 0.84 13.70 11.89 1.82
96 13 38 09.335 -62 27 54.32 -51.698 -0.081 0.72 0.71 16.05 13.73 2.32
97 13 38 14.432 -62 27 21.98 -51.687 -0.074 0.55 0.53 15.93 13.72 2.21
98 13 42 51.478 -61 35 30.83 -50.992 0.672 0.61 0.58 16.74 13.97 2.77
99 13 43 41.005 -61 36 30.98 -50.899 0.636 0.55 0.53 16.41 13.85 2.56
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100 13 43 42.136 -61 23 19.69 -50.852 0.851 0.59 0.51 16.57 13.69 2.87
101 13 43 59.062 -61 26 16.21 -50.829 0.796 0.52 0.86 16.73 13.72 3.01
102 13 44 11.261 -61 20 19.28 -50.785 0.888 0.66 0.60 16.73 13.87 2.86
103 13 44 18.314 -61 26 11.97 -50.791 0.789 0.81 0.82 18.13 14.28 3.85
104 13 44 27.440 -62 28 30.08 -50.986 -0.231 0.68 0.83 16.42 13.88 2.54
105 13 44 35.713 -61 18 48.53 -50.732 0.903 0.69 0.56 16.19 13.52 2.67
106 13 44 37.925 -61 28 34.53 -50.761 0.742 0.79 0.74 17.62 14.16 3.46
107 13 45 18.333 -62 14 12.31 -50.840 -0.018 0.76 0.58 16.93 14.01 2.92
108 13 45 48.695 -62 14 17.55 -50.783 -0.032 0.50 0.54 17.34 13.83 3.51
109 13 45 56.459 -62 19 09.18 -50.785 -0.114 0.78 0.73 16.80 13.93 2.86
110 13 46 42.539 -62 19 33.72 -50.699 -0.140 0.59 0.73 15.19 13.47 1.72
111 13 46 48.076 -62 21 08.84 -50.695 -0.168 0.54 0.72 13.71 12.61 1.10
112 13 53 51.951 -61 32 47.43 -49.703 0.429 0.60 0.51 17.58 14.22 3.36
113 14 00 10.023 -62 42 48.51 -49.284 -0.885 0.51 1.30 15.82 13.35 2.47
114 14 01 23.676 -62 20 33.24 -49.049 -0.565 0.53 0.84 15.00 13.24 1.76
115 14 01 34.728 -62 21 03.24 -49.030 -0.579 0.71 0.61 14.81 12.78 2.03
116 14 02 07.804 -61 21 54.35 -48.703 0.353 0.52 0.52 14.50 13.37 1.13
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117 14 06 07.299 -61 19 42.38 -48.233 0.256 0.60 0.81 15.38 13.03 2.36
118 14 06 30.601 -61 28 11.26 -48.228 0.107 0.69 0.87 14.10 13.11 0.99
119 14 06 46.088 -61 26 42.93 -48.192 0.122 0.57 0.80 12.92 12.97 -0.05
120 14 06 59.000 -62 08 42.73 -48.369 -0.556 0.51 0.84 16.68 13.38 3.29
121 14 07 00.234 -61 00 43.12 -48.040 0.528 0.88 0.63 13.42 12.61 0.81
122 14 07 17.062 -61 04 22.85 -48.025 0.460 0.55 0.57 14.11 12.85 1.26
123 14 07 22.756 -61 05 39.22 -48.020 0.436 0.54 0.70 14.56 13.06 1.50
124 14 07 29.385 -61 04 57.14 -48.004 0.444 1.02 0.83 14.51 12.98 1.54
125 14 07 31.117 -61 26 18.60 -48.104 0.102 0.50 0.51 15.41 13.16 2.25
126 14 09 03.593 -61 29 48.40 -47.945 -0.008 0.68 0.86 15.54 13.33 2.21
127 14 09 51.233 -61 01 29.81 -47.714 0.415 0.70 0.70 15.22 12.64 2.58
128 14 10 01.846 -61 24 02.79 -47.806 0.050 0.57 0.65 14.51 12.16 2.36
129 14 10 05.988 -61 23 00.95 -47.793 0.064 0.81 0.71 13.65 12.80 0.85
130 14 10 10.576 -61 04 52.09 -47.693 0.349 0.90 1.03 14.35 12.61 1.74
131 14 11 18.318 -60 58 06.55 -47.529 0.415 0.50 0.62 14.97 13.52 1.45
132 14 13 14.326 -60 58 48.48 -47.309 0.332 0.57 0.68 15.14 13.52 1.62
133 14 13 32.362 -61 53 36.95 -47.560 -0.547 0.52 0.66 14.49 13.19 1.30
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134 14 21 39.591 -60 47 09.45 -46.278 0.182 0.53 0.59 14.44 12.27 2.17
135 14 25 26.466 -60 45 13.02 -45.834 0.051 0.56 0.83 15.18 12.49 2.69
136 14 30 47.567 -60 44 47.98 -45.222 -0.180 0.53 0.62 13.36 12.57 0.78
137 14 30 47.571 -60 37 07.22 -45.175 -0.062 1.30 0.82 13.57 12.96 0.61
138 14 30 48.677 -60 48 31.46 -45.244 -0.239 0.65 0.80 13.68 12.79 0.89
139 14 31 17.897 -60 45 12.90 -45.168 -0.210 0.53 0.52 15.09 12.59 2.50
140 14 31 34.999 -60 54 01.20 -45.191 -0.359 0.80 1.37 14.98 12.74 2.24
141 14 31 42.627 -60 44 06.62 -45.114 -0.212 0.57 0.63 13.15 12.57 0.58
142 14 31 51.552 -60 29 11.28 -45.003 0.011 0.88 0.54 13.49 12.83 0.66
143 14 32 27.953 -60 57 16.44 -45.112 -0.450 0.62 1.11 14.14 12.87 1.27
144 14 32 33.688 -61 10 40.17 -45.186 -0.661 0.81 0.96 16.22 13.72 2.50
145 14 32 35.240 -60 44 51.36 -45.020 -0.264 0.82 0.85 16.74 12.85 3.89
146 14 32 45.707 -60 56 21.04 -45.073 -0.449 0.79 1.32 14.53 12.69 1.84
147 14 32 53.265 -60 53 42.28 -45.042 -0.414 0.64 0.53 15.79 11.86 3.93
148 14 33 00.007 -60 45 28.06 -44.977 -0.293 0.67 0.59 15.53 12.65 2.88
149 14 33 13.455 -60 49 12.67 -44.976 -0.361 0.55 0.66 15.58 13.13 2.45
150 14 34 18.743 -60 19 44.44 -44.663 0.041 0.94 0.64 15.52 13.17 2.34
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151 14 34 19.043 -60 19 37.90 -44.662 0.043 1.02 1.03 15.88 13.76 2.13
152 14 34 24.144 -60 28 50.53 -44.712 -0.103 0.60 0.51 13.95 12.06 1.89
153 14 34 35.292 -60 50 09.48 -44.828 -0.439 0.51 1.57 13.19 12.42 0.77
154 14 34 36.877 -60 32 21.52 -44.710 -0.167 0.84 0.56 15.89 12.21 3.68
155 14 34 46.025 -60 51 08.50 -44.815 -0.463 1.44 0.68 15.53 13.43 2.11
156 14 35 04.523 -59 22 35.09 -44.206 0.882 0.53 0.55 16.03 13.46 2.57
157 14 35 08.917 -59 29 43.70 -44.244 0.769 0.58 0.52 16.52 13.96 2.56
158 14 42 21.519 -59 11 45.05 -43.282 0.674 0.58 0.55 15.65 13.51 2.14
159 14 42 48.047 -58 48 19.11 -43.068 1.006 0.63 0.54 16.25 13.69 2.55
160 14 43 42.250 -59 36 44.86 -43.300 0.224 0.60 1.00 15.28 13.53 1.74
161 14 43 51.442 -59 14 49.10 -43.129 0.548 0.96 0.57 15.76 13.75 2.01
162 14 44 09.609 -60 46 09.80 -43.733 -0.850 0.85 0.62 14.83 13.46 1.36
163 14 45 38.588 -58 51 16.73 -42.755 0.807 0.63 0.52 14.72 13.36 1.36
164 14 49 30.604 -59 06 19.63 -42.414 0.365 0.52 0.64 16.98 14.08 2.90
165 14 53 29.150 -59 22 23.00 -42.078 -0.101 0.71 0.53 15.97 13.65 2.32
166 14 53 29.652 -59 37 54.94 -42.194 -0.332 1.07 1.39 16.53 13.14 3.40
167 14 55 04.636 -59 13 39.53 -41.831 -0.064 0.65 0.62 16.19 13.86 2.33
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168 14 55 32.135 -59 41 35.70 -41.992 -0.504 0.74 0.68 16.16 13.84 2.32
169 14 56 22.313 -59 50 52.55 -41.970 -0.690 0.72 0.59 17.45 14.18 3.27
170 14 57 45.275 -59 40 18.27 -41.734 -0.615 0.52 0.89 17.04 13.84 3.19
171 14 59 23.635 -57 36 39.74 -40.580 1.106 0.57 0.68 16.41 13.88 2.53
172 14 59 25.503 -57 39 44.28 -40.600 1.058 0.59 0.72 15.24 13.57 1.67
173 14 59 28.400 -57 49 15.21 -40.669 0.916 0.63 0.53 17.80 14.18 3.62
174 15 00 06.006 -57 55 05.54 -40.642 0.790 0.65 0.91 18.05 14.07 3.99
175 15 02 53.774 -57 37 34.99 -40.175 0.868 0.56 0.64 16.96 13.90 3.06
176 15 03 05.618 -57 42 35.15 -40.192 0.783 0.56 0.67 16.71 13.82 2.89
177 15 03 15.765 -57 38 13.96 -40.137 0.835 0.96 0.51 17.46 13.86 3.60
178 15 07 00.004 -58 16 35.48 -40.018 0.035 0.77 0.50 16.60 13.82 2.78
179 15 07 43.898 -58 40 34.60 -40.134 -0.359 0.51 0.87 16.66 13.79 2.87
180 15 08 19.944 -58 04 24.61 -39.765 0.123 0.59 0.57 15.11 12.35 2.76
181 15 09 06.584 -58 44 57.95 -40.016 -0.512 0.53 0.58 16.75 13.71 3.04
182 15 09 18.750 -58 02 43.87 -39.639 0.083 0.56 0.64 15.21 12.61 2.59
183 15 09 36.617 -58 00 24.66 -39.585 0.096 0.66 0.70 15.68 13.42 2.26
184 15 09 50.310 -58 03 25.22 -39.584 0.037 0.53 0.55 15.82 13.45 2.37
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185 15 10 07.617 -58 00 50.54 -39.530 0.055 0.51 0.69 15.90 13.22 2.68
186 15 10 18.959 -58 40 35.68 -39.844 -0.529 0.69 0.54 15.39 13.34 2.05
187 15 11 11.539 -57 31 20.49 -39.158 0.407 0.66 0.56 17.20 13.92 3.29
188 15 19 13.729 -57 43 28.32 -38.346 -0.328 0.66 0.51 15.74 13.40 2.34
189 15 19 27.037 -57 35 27.41 -38.249 -0.231 0.53 0.77 15.34 13.30 2.05
190 15 20 11.147 -57 16 57.22 -38.000 -0.024 0.72 1.16 16.79 13.95 2.84
191 15 20 12.788 -57 18 18.78 -38.009 -0.045 0.62 0.79 16.82 13.29 3.53
192 15 20 25.430 -57 18 48.14 -37.990 -0.067 0.50 0.54 16.90 13.78 3.12
193 15 20 32.205 -57 18 01.27 -37.970 -0.064 1.53 1.15 16.96 14.06 2.90
194 15 21 01.366 -57 14 17.69 -37.881 -0.047 0.68 0.69 15.02 13.27 1.74
195 15 21 24.562 -57 14 15.83 -37.837 -0.075 0.74 0.58 15.57 13.45 2.12
196 15 21 42.316 -57 43 34.44 -38.068 -0.507 1.32 1.14 17.50 13.64 3.86
197 15 21 47.549 -57 13 22.13 -37.785 -0.091 0.58 0.83 15.89 13.65 2.23
198 15 22 09.825 -57 35 43.45 -37.946 -0.431 0.68 0.74 17.04 14.10 2.94
199 15 22 12.678 -55 55 49.54 -37.034 0.963 0.53 0.67 17.47 14.04 3.43
200 15 22 48.292 -57 14 08.82 -37.677 -0.176 0.73 0.52 16.60 13.59 3.00
201 15 22 52.961 -57 15 31.67 -37.681 -0.201 0.51 0.80 14.87 13.44 1.43
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202 15 24 28.945 -56 03 06.82 -36.835 0.687 0.51 0.71 15.75 13.50 2.25
203 15 25 04.255 -57 27 09.31 -37.541 -0.525 0.94 0.53 15.87 13.78 2.09
204 15 25 23.342 -55 50 07.85 -36.610 0.797 0.69 0.54 15.81 13.60 2.21
205 15 25 31.165 -57 06 36.87 -37.301 -0.274 1.13 0.76 16.82 13.98 2.84
206 15 25 33.772 -56 45 54.62 -37.105 0.010 0.65 0.56 15.65 13.65 2.00
207 15 27 10.547 -55 39 47.62 -36.305 0.800 0.68 0.67 16.08 13.78 2.30
208 15 37 43.733 -55 10 09.11 -34.796 0.343 0.69 0.76 16.34 13.46 2.88
209 15 39 48.124 -55 16 47.56 -34.624 0.079 0.62 0.53 14.75 13.22 1.53
210 15 41 11.711 -54 57 26.62 -34.271 0.218 0.55 0.61 15.46 13.28 2.18
211 15 41 22.665 -54 44 17.57 -34.118 0.377 0.51 0.59 16.95 13.83 3.12
212 15 41 35.574 -55 16 26.56 -34.416 -0.069 0.81 0.83 14.72 13.25 1.47
213 15 42 03.684 -54 54 06.51 -34.138 0.187 0.65 0.53 14.74 13.32 1.42
214 15 43 21.420 -55 40 23.76 -34.458 -0.538 0.59 0.79 16.90 13.85 3.05
215 15 43 23.701 -54 37 19.93 -33.816 0.294 0.50 0.52 17.30 13.77 3.53
216 15 43 31.238 -54 54 57.88 -33.980 0.049 0.55 0.52 16.26 13.54 2.72
217 15 44 16.022 -54 51 19.07 -33.858 0.032 0.56 0.57 16.71 13.99 2.72
218 15 44 20.083 -55 47 38.07 -34.422 -0.718 0.65 0.62 15.80 13.76 2.05
Continued on next page...
106
Table B.1 – continued from previous page
ID α (J2000) δ (J2000) l b He i−C iv Br-γ−C iv J CONT2 J −CONT2
219 15 44 24.562 -54 14 51.05 -33.471 0.501 0.61 0.55 15.38 13.31 2.07
220 15 44 40.668 -54 12 49.41 -33.419 0.504 0.93 0.58 15.31 13.22 2.08
221 15 45 13.030 -55 17 46.31 -34.019 -0.400 0.59 0.67 16.60 13.64 2.96
222 15 45 31.498 -54 35 12.26 -33.550 0.134 0.56 1.06 14.50 13.37 1.13
223 15 45 59.169 -54 31 26.15 -33.459 0.142 0.51 0.57 15.73 13.46 2.27
224 15 46 09.712 -54 41 01.67 -33.537 0.000 0.78 0.50 15.32 13.19 2.12
225 15 46 50.742 -54 23 01.48 -33.274 0.176 0.86 0.58 13.97 13.17 0.79
226 15 47 14.227 -54 20 25.81 -33.202 0.175 0.51 0.57 14.24 13.02 1.22
227 15 49 46.124 -53 52 40.95 -32.624 0.307 0.64 0.76 16.17 13.74 2.42
228 15 50 02.739 -53 50 07.29 -32.566 0.314 0.56 0.78 16.86 13.82 3.04
229 15 50 22.943 -53 47 16.66 -32.497 0.320 0.52 0.61 17.04 13.52 3.51
230 15 50 38.877 -53 35 57.07 -32.348 0.443 0.70 0.70 16.06 13.06 3.00
231 15 51 08.639 -54 00 37.92 -32.549 0.077 0.52 0.51 17.86 14.29 3.57
232 15 51 29.652 -54 05 46.93 -32.564 -0.022 0.71 1.23 17.09 12.76 4.33
233 15 51 45.044 -53 39 02.00 -32.253 0.300 0.54 1.17 16.43 13.27 3.16
234 15 51 58.766 -54 02 27.57 -32.473 -0.024 0.65 0.83 15.47 13.60 1.87
235 15 52 11.949 -53 36 37.64 -32.176 0.289 0.71 0.53 16.89 13.21 3.68
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236 15 52 12.839 -52 55 29.94 -31.742 0.819 0.53 0.79 16.11 13.71 2.40
237 15 53 41.349 -54 30 10.01 -32.573 -0.540 0.59 0.53 15.71 13.57 2.14
238 15 54 31.685 -52 47 41.11 -31.389 0.698 0.90 0.56 17.25 13.46 3.80
239 15 54 35.424 -52 57 01.31 -31.481 0.572 0.83 0.61 16.92 13.15 3.78
240 15 54 38.815 -52 47 06.82 -31.369 0.694 0.61 0.69 16.64 13.76 2.88
241 15 54 41.587 -52 36 35.63 -31.252 0.825 0.53 0.53 17.33 13.31 4.02
242 15 56 00.121 -52 42 35.15 -31.163 0.621 1.14 0.73 17.72 13.29 4.42
243 15 56 17.216 -53 14 26.11 -31.471 0.186 0.78 0.61 15.64 13.70 1.94
244 15 56 27.539 -53 18 11.59 -31.492 0.122 0.52 0.55 17.25 13.99 3.26
245 15 57 00.795 -52 30 50.98 -30.920 0.672 0.51 0.58 16.37 13.55 2.82
246 15 57 42.158 -53 33 49.33 -31.518 -0.197 0.51 0.77 17.15 13.94 3.21
247 15 57 54.360 -52 19 48.38 -30.697 0.725 0.52 0.67 14.24 12.72 1.52
248 15 57 58.989 -52 23 13.24 -30.725 0.674 0.50 0.72 14.81 13.30 1.51
249 15 58 59.524 -54 12 05.28 -31.787 -0.806 0.66 1.23 13.86 12.99 0.86
250 15 59 04.442 -53 30 39.02 -31.329 -0.288 0.63 0.81 15.43 12.93 2.50
251 15 59 47.787 -53 54 19.93 -31.505 -0.658 0.96 0.69 15.97 13.41 2.56
252 16 00 19.178 -53 49 57.29 -31.399 -0.653 0.63 0.62 13.92 12.91 1.01
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253 16 00 21.434 -51 59 44.80 -30.194 0.734 0.54 0.71 15.11 13.31 1.80
254 16 00 25.320 -52 01 08.39 -30.202 0.710 0.85 0.71 16.57 13.52 3.06
255 16 00 46.205 -53 48 07.70 -31.328 -0.673 0.57 0.62 15.61 13.00 2.61
256 16 00 51.248 -54 06 41.17 -31.522 -0.915 0.75 0.56 15.08 13.02 2.06
257 16 00 53.708 -53 28 38.98 -31.102 -0.440 0.60 0.94 16.62 13.50 3.12
258 16 00 55.583 -54 06 02.45 -31.506 -0.914 0.56 0.55 13.15 12.75 0.40
259 16 01 00.165 -53 30 09.23 -31.106 -0.469 0.63 0.57 15.72 13.57 2.15
260 16 01 10.137 -54 00 31.21 -31.419 -0.868 0.74 0.77 13.65 12.85 0.80
261 16 01 28.381 -53 45 58.45 -31.226 -0.714 0.53 0.67 13.27 12.64 0.62
262 16 01 30.959 -53 56 04.51 -31.332 -0.845 0.82 0.58 14.85 13.08 1.77
263 16 01 44.934 -53 28 57.56 -31.009 -0.527 0.74 0.86 14.52 13.22 1.30
264 16 01 59.550 -53 51 37.03 -31.230 -0.835 0.67 0.69 13.55 12.37 1.19
265 16 02 02.421 -53 01 16.57 -30.673 -0.208 0.52 0.58 15.10 13.18 1.91
266 16 02 05.497 -53 45 30.49 -31.152 -0.768 0.58 0.61 14.54 12.96 1.59
267 16 02 32.798 -53 42 55.68 -31.073 -0.780 0.73 0.64 15.67 13.46 2.22
268 16 02 50.156 -51 37 35.53 -29.663 0.761 0.77 0.62 14.59 13.22 1.37
269 16 02 58.711 -51 37 07.92 -29.641 0.752 0.66 0.56 15.59 13.16 2.42
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270 16 03 55.551 -53 42 50.97 -30.919 -0.914 0.51 0.56 14.89 13.09 1.80
271 16 04 27.458 -51 50 34.68 -29.618 0.433 0.64 0.50 16.14 13.79 2.35
272 16 05 18.666 -51 20 46.15 -29.188 0.716 0.61 0.72 17.41 14.12 3.30
273 16 05 39.500 -51 43 52.43 -29.405 0.393 1.02 0.78 16.82 13.98 2.84
274 16 06 00.710 -51 22 31.57 -29.127 0.621 0.78 0.54 13.85 12.52 1.33
275 16 06 55.646 -51 10 38.04 -28.887 0.672 0.64 0.54 16.13 12.71 3.42
276 16 07 21.661 -53 11 41.71 -30.192 -0.869 0.54 0.63 15.36 13.56 1.79
277 16 07 34.087 -51 04 34.37 -28.745 0.680 0.93 0.56 14.43 12.89 1.54
278 16 07 47.483 -50 59 15.19 -28.660 0.722 0.98 0.62 14.95 12.34 2.61
279 16 07 50.013 -50 55 57.38 -28.618 0.758 0.57 0.80 14.87 12.63 2.25
280 16 08 18.497 -53 12 17.44 -30.094 -0.971 0.51 0.57 15.05 13.42 1.64
281 16 09 33.827 -50 43 11.84 -28.273 0.730 1.10 0.89 17.55 13.73 3.81
282 16 10 48.787 -50 35 08.32 -28.036 0.695 0.64 0.51 15.35 13.38 1.98
283 16 10 52.471 -50 16 22.86 -27.816 0.917 0.61 0.61 16.67 13.60 3.07
284 16 11 16.490 -50 39 14.93 -28.029 0.594 0.50 0.53 16.11 13.70 2.41
285 16 11 38.467 -50 27 11.25 -27.849 0.702 0.81 0.70 17.47 13.23 4.25
286 16 15 39.551 -51 41 14.57 -28.239 -0.628 0.53 0.85 15.89 13.71 2.17
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287 16 16 02.937 -49 57 29.76 -26.997 0.576 0.50 0.52 16.27 12.80 3.47
288 16 16 09.653 -49 56 45.78 -26.975 0.572 0.55 0.63 14.59 13.40 1.18
289 16 16 14.740 -51 10 27.42 -27.818 -0.322 0.75 0.74 17.49 14.05 3.44
290 16 16 34.900 -49 59 44.98 -26.961 0.490 0.53 0.62 14.40 12.73 1.67
291 16 17 45.498 -50 22 06.76 -27.085 0.091 0.72 0.77 16.44 13.55 2.90
292 16 18 20.431 -50 22 09.99 -27.019 0.025 0.85 0.81 16.74 13.93 2.81
293 16 18 24.719 -50 20 15.02 -26.989 0.040 0.53 0.57 17.78 13.31 4.47
294 16 22 11.188 -50 04 13.47 -26.372 -0.195 0.72 0.75 14.13 12.77 1.36
295 16 22 31.399 -49 01 02.98 -25.588 0.510 0.52 0.80 14.12 12.72 1.39
296 16 23 18.955 -48 57 30.81 -25.454 0.459 0.50 0.88 14.79 13.37 1.42
297 16 24 48.021 -48 33 24.73 -24.996 0.567 0.66 0.57 15.82 13.62 2.20
298 16 24 49.633 -48 32 32.01 -24.983 0.574 0.86 0.59 15.56 13.63 1.94
299 16 25 00.667 -48 32 06.41 -24.956 0.557 0.92 0.66 15.67 13.51 2.15
300 16 26 00.304 -48 57 58.74 -25.150 0.139 0.81 0.51 17.00 14.07 2.94
301 16 26 39.796 -47 56 55.51 -24.344 0.769 0.68 0.50 15.68 13.49 2.18
302 16 26 47.505 -48 09 45.93 -24.483 0.605 0.53 0.56 16.33 13.20 3.13
303 16 26 49.794 -48 13 09.77 -24.519 0.561 0.54 0.70 16.10 13.52 2.58
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304 16 26 56.532 -48 10 59.51 -24.480 0.573 0.60 0.64 17.11 13.93 3.18
305 16 27 09.064 -48 31 07.40 -24.698 0.315 0.52 0.81 17.79 14.29 3.50
306 16 27 21.237 -47 54 13.71 -24.232 0.717 0.53 0.52 16.65 13.76 2.89
307 16 27 44.377 -48 33 34.47 -24.659 0.216 0.68 0.65 16.27 13.30 2.97
308 16 27 50.621 -47 57 26.48 -24.213 0.621 0.51 0.55 14.29 12.56 1.73
309 16 28 24.291 -47 57 40.72 -24.151 0.550 0.64 0.61 15.67 12.82 2.85
310 16 28 26.550 -47 57 39.92 -24.147 0.546 0.66 0.63 15.90 13.37 2.53
311 16 28 27.089 -47 56 52.15 -24.136 0.554 0.50 0.58 15.30 12.98 2.32
312 16 28 27.111 -47 57 31.62 -24.144 0.547 0.69 0.58 15.46 13.08 2.38
313 16 28 29.905 -47 57 40.45 -24.140 0.539 0.86 0.51 15.14 12.97 2.18
314 16 28 31.772 -47 57 40.69 -24.137 0.535 0.54 0.63 14.28 13.35 0.94
315 16 28 51.412 -47 54 10.15 -24.056 0.536 0.52 0.56 15.19 13.22 1.97
316 16 29 02.131 -47 56 34.57 -24.065 0.487 0.52 0.51 14.96 12.79 2.18
317 16 29 18.193 -47 56 11.04 -24.029 0.459 0.73 0.63 16.17 13.55 2.62
318 16 29 18.655 -47 57 42.27 -24.047 0.440 0.72 0.54 16.24 12.94 3.30
319 16 29 22.009 -47 54 32.80 -24.002 0.470 0.59 0.59 16.28 13.43 2.85
320 16 29 28.898 -47 53 12.59 -23.973 0.471 0.87 0.53 16.67 13.43 3.23
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321 16 29 29.117 -47 55 20.30 -23.998 0.446 0.52 0.53 14.62 12.90 1.72
322 16 29 35.706 -47 54 21.09 -23.973 0.444 0.57 0.67 14.94 13.34 1.60
323 16 30 25.708 -49 36 12.93 -25.111 -0.823 0.52 0.65 16.10 13.71 2.39
324 16 31 00.399 -48 10 11.38 -24.003 0.092 0.54 0.51 15.93 13.47 2.47
325 16 33 18.856 -48 15 16.63 -23.802 -0.247 0.75 0.58 17.38 14.12 3.26
326 16 35 18.809 -47 08 43.66 -22.759 0.257 0.56 0.84 16.38 13.62 2.76
327 16 35 23.324 -48 09 18.19 -23.495 -0.434 0.89 0.66 14.97 11.59 3.38
328 16 35 41.396 -48 59 56.57 -24.084 -1.040 0.64 0.61 14.48 13.37 1.10
329 16 35 52.310 -47 48 01.29 -23.179 -0.254 0.65 0.89 16.67 13.90 2.77
330 16 36 51.105 -46 50 19.06 -22.355 0.270 1.22 0.55 14.03 13.16 0.87
331 16 36 53.489 -46 20 43.39 -21.985 0.596 0.58 0.52 16.13 13.68 2.45
332 16 36 55.085 -46 21 27.52 -21.991 0.584 0.64 0.50 15.36 13.58 1.78
333 16 36 58.348 -46 50 17.33 -22.341 0.255 0.81 0.55 14.71 13.45 1.26
334 16 37 01.780 -46 50 30.29 -22.337 0.245 1.47 0.50 13.65 11.87 1.78
335 16 37 02.593 -46 50 21.91 -22.334 0.245 1.49 0.59 11.47 10.17 1.30
336 16 37 05.541 -46 50 28.79 -22.330 0.238 1.44 0.56 11.97 11.13 0.84
337 16 37 30.751 -46 50 25.18 -22.281 0.185 1.39 0.53 11.29 10.40 0.89
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338 16 38 42.100 -47 50 54.45 -22.896 -0.639 0.52 0.64 16.22 13.73 2.49
339 16 38 42.129 -45 19 26.61 -21.015 1.045 0.56 0.74 15.04 13.29 1.75
340 16 39 00.864 -46 50 31.44 -22.110 -0.007 1.40 0.53 11.88 10.59 1.29
341 16 39 50.321 -46 21 41.21 -21.657 0.207 0.53 0.51 16.12 13.02 3.10
342 16 41 20.662 -47 04 46.74 -22.024 -0.462 0.78 0.61 15.41 13.48 1.94
343 16 42 28.590 -44 34 32.04 -20.012 1.041 0.73 0.57 15.82 13.45 2.37
344 16 43 42.601 -46 59 58.12 -21.699 -0.713 0.67 0.70 17.07 13.91 3.16
345 16 43 51.544 -46 29 09.02 -21.294 -0.396 0.59 0.55 16.66 13.97 2.69
346 16 44 18.640 -46 59 30.14 -21.626 -0.785 0.50 0.53 15.35 13.32 2.03
347 16 45 47.388 -46 14 01.79 -20.885 -0.484 0.75 0.51 16.71 14.00 2.71
348 16 46 10.675 -44 05 01.40 -19.207 0.862 0.58 0.67 13.35 13.02 0.32
349 16 46 17.355 -43 58 50.74 -19.116 0.913 0.72 0.57 13.34 11.76 1.59
350 16 46 26.173 -44 01 24.27 -19.131 0.866 0.90 0.52 15.53 13.23 2.30
351 16 46 26.327 -44 01 17.65 -19.129 0.866 0.53 0.62 15.58 13.52 2.06
352 16 46 45.205 -43 59 27.43 -19.069 0.843 0.72 0.68 15.29 13.52 1.77
353 16 46 53.848 -44 01 34.41 -19.079 0.801 1.02 0.85 15.22 12.40 2.82
354 16 47 47.853 -43 24 54.18 -18.508 1.072 0.63 0.69 15.56 13.68 1.87
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355 16 47 48.951 -43 24 19.42 -18.498 1.076 0.53 0.59 15.32 13.16 2.16
356 16 48 11.990 -43 21 41.32 -18.420 1.051 0.64 0.66 14.76 12.83 1.93
357 16 48 16.036 -43 31 26.04 -18.536 0.937 0.55 0.70 16.03 13.65 2.38
358 16 48 26.243 -43 27 11.24 -18.462 0.959 0.53 0.56 15.41 13.15 2.25
359 16 48 32.109 -45 34 58.77 -20.080 -0.427 0.58 0.53 17.51 13.88 3.63
360 16 48 32.937 -44 02 22.95 -18.898 0.565 0.77 0.70 14.04 12.72 1.32
361 16 48 59.191 -43 28 44.39 -18.418 0.866 0.99 0.93 16.09 13.46 2.63
362 16 49 02.494 -43 27 43.67 -18.398 0.869 0.61 0.84 16.64 13.93 2.72
363 16 49 12.931 -43 31 41.43 -18.429 0.802 0.87 0.58 15.38 13.28 2.10
364 16 49 17.670 -43 27 41.34 -18.368 0.834 0.73 0.71 15.70 13.09 2.60
365 16 49 22.705 -43 39 01.09 -18.503 0.701 0.56 0.55 15.75 13.54 2.21
366 16 49 36.010 -43 27 23.20 -18.329 0.795 0.56 0.58 14.95 12.94 2.01
367 16 49 43.114 -43 24 32.14 -18.279 0.809 0.52 0.68 15.24 12.90 2.35
368 16 50 01.256 -43 22 50.83 -18.222 0.785 0.70 0.61 14.78 13.30 1.49
369 16 50 06.804 -43 23 25.82 -18.219 0.765 0.53 0.54 14.61 13.28 1.33
370 16 50 09.507 -43 27 06.75 -18.261 0.720 0.50 0.74 15.65 13.57 2.07
371 16 50 18.237 -43 23 45.26 -18.201 0.735 0.56 0.55 13.47 12.86 0.61
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372 16 50 24.214 -43 23 58.04 -18.192 0.719 0.50 0.67 13.60 12.78 0.82
373 16 50 25.272 -43 26 07.90 -18.217 0.694 0.64 0.51 16.62 13.82 2.80
374 16 50 33.838 -43 30 36.72 -18.258 0.626 0.67 0.53 14.23 13.19 1.03
375 16 50 34.332 -43 21 33.94 -18.141 0.721 0.67 0.75 14.60 13.11 1.49
376 16 51 40.649 -42 37 48.88 -17.451 1.031 0.52 0.88 16.39 13.85 2.54
377 16 52 26.455 -43 03 16.50 -17.690 0.653 0.68 0.61 16.80 13.89 2.91
378 16 53 01.392 -42 39 50.19 -17.320 0.818 0.58 0.57 15.97 13.73 2.24
379 16 55 41.089 -43 12 29.06 -17.435 0.097 0.52 0.57 14.48 13.31 1.17
380 16 55 50.328 -43 43 02.58 -17.814 -0.244 0.51 0.52 14.46 13.35 1.11
381 16 55 58.187 -44 25 50.78 -18.356 -0.710 0.51 1.14 11.76 9.53 2.23
382 16 56 07.742 -43 41 46.59 -17.765 -0.272 0.64 0.66 15.65 13.56 2.10
383 16 56 19.757 -43 16 43.68 -17.417 -0.039 0.58 0.74 15.93 13.61 2.32
384 16 56 41.635 -43 58 53.33 -17.924 -0.530 0.57 0.75 13.09 12.46 0.63
385 16 56 46.831 -43 41 40.05 -17.690 -0.363 0.56 0.57 15.41 13.58 1.83
386 16 57 57.396 -43 57 43.49 -17.767 -0.695 0.55 0.81 15.65 13.01 2.64
387 16 58 26.195 -43 12 59.10 -17.129 -0.300 0.51 0.51 13.54 12.82 0.72
388 16 58 34.537 -43 55 55.07 -17.674 -0.764 0.61 0.75 12.05 9.32 2.73
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389 16 58 39.851 -44 00 49.69 -17.729 -0.827 0.59 0.64 14.01 11.90 2.11
390 16 58 40.001 -44 26 10.85 -18.060 -1.090 0.54 1.11 12.34 9.81 2.53
391 16 59 35.328 -41 23 49.79 -15.569 0.660 0.53 0.89 16.20 13.84 2.36
392 16 59 49.512 -41 07 32.29 -15.328 0.792 0.77 1.06 16.66 13.52 3.14
393 17 00 18.900 -41 29 32.73 -15.560 0.494 0.57 0.62 16.32 13.35 2.97
394 17 00 55.646 -40 39 48.15 -14.835 0.913 0.56 0.53 17.74 13.84 3.91
395 17 01 05.402 -41 47 54.53 -15.712 0.191 0.55 0.58 15.81 13.68 2.13
396 17 01 22.145 -41 44 38.69 -15.637 0.184 0.69 0.78 15.00 13.43 1.57
397 17 02 10.181 -41 02 02.09 -14.984 0.500 0.56 0.58 15.63 13.36 2.26
398 17 02 19.750 -41 19 53.29 -15.201 0.294 0.72 0.58 15.98 13.09 2.88
399 17 02 27.345 -41 29 15.66 -15.310 0.180 0.61 0.54 14.34 13.27 1.06
400 17 03 15.571 -42 34 20.82 -16.078 -0.600 0.55 0.74 14.68 13.39 1.29
401 17 04 00.183 -42 41 35.60 -16.090 -0.782 0.58 0.51 16.16 13.53 2.64
402 17 04 44.905 -40 44 33.17 -14.456 0.291 0.57 0.91 16.42 13.46 2.96
403 17 04 53.057 -42 41 50.22 -15.995 -0.914 0.59 0.93 16.70 13.86 2.84
404 17 04 55.906 -42 28 33.11 -15.814 -0.786 0.62 0.64 15.20 13.56 1.64
405 17 05 23.569 -42 25 31.95 -15.722 -0.824 0.73 0.86 16.44 13.84 2.60
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406 17 05 26.638 -42 39 42.10 -15.905 -0.974 0.65 0.60 16.59 13.56 3.04
407 17 05 43.799 -40 33 40.83 -14.199 0.253 0.52 0.86 15.64 12.24 3.41
408 17 06 03.149 -41 38 37.73 -15.025 -0.449 0.62 0.61 16.61 13.81 2.81
409 17 06 07.808 -40 45 52.87 -14.315 0.069 0.52 0.64 15.95 13.05 2.90
410 17 06 08.525 -39 30 10.24 -13.307 0.829 0.58 0.50 17.27 14.14 3.12
411 17 07 09.324 -41 58 08.46 -15.161 -0.809 0.57 0.65 17.58 13.87 3.71
412 17 07 13.213 -42 05 11.71 -15.248 -0.889 0.78 0.74 16.87 14.03 2.84
413 17 07 36.716 -39 45 21.90 -13.339 0.450 0.60 0.61 16.95 13.79 3.17
414 17 08 25.583 -39 20 59.35 -12.920 0.568 0.60 0.58 17.14 13.94 3.20
415 17 10 49.255 -39 25 45.91 -12.708 0.148 0.58 1.20 17.45 13.72 3.73
416 17 10 57.078 -40 31 06.23 -13.571 -0.517 0.97 1.11 16.30 13.73 2.57
417 17 11 02.959 -41 09 39.27 -14.078 -0.912 0.57 0.55 17.60 14.23 3.36
418 17 13 23.188 -38 50 00.65 -11.934 0.098 0.55 0.59 16.46 13.27 3.19
419 17 13 37.346 -38 50 28.60 -11.913 0.056 0.61 0.56 14.89 12.82 2.07
420 17 13 54.111 -40 01 37.48 -12.843 -0.682 0.55 0.62 13.95 13.09 0.86
421 17 13 54.507 -40 01 03.86 -12.834 -0.678 0.61 0.61 15.54 13.63 1.91
422 17 13 56.133 -40 00 15.00 -12.820 -0.674 0.54 0.50 15.11 13.56 1.54
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423 17 13 56.719 -39 59 55.77 -12.815 -0.672 0.62 0.63 15.22 13.54 1.68
424 17 13 56.829 -39 32 11.56 -12.440 -0.402 0.51 0.59 14.85 12.88 1.97
425 17 13 57.085 -40 01 33.19 -12.836 -0.689 0.51 0.57 15.35 13.41 1.94
426 17 14 07.969 -40 01 31.91 -12.815 -0.717 0.62 0.63 15.03 13.50 1.53
427 17 14 08.159 -39 59 22.95 -12.786 -0.697 0.58 0.50 13.28 12.15 1.13
428 17 14 11.990 -40 01 18.41 -12.805 -0.725 0.53 0.68 14.93 13.41 1.52
429 17 14 12.063 -39 45 43.74 -12.594 -0.574 0.61 0.54 13.71 12.49 1.22
430 17 14 12.781 -39 33 40.54 -12.430 -0.458 0.69 0.64 13.19 11.90 1.28
431 17 14 15.000 -39 58 15.19 -12.758 -0.703 0.78 0.50 14.87 13.26 1.62
432 17 14 23.174 -40 00 27.75 -12.773 -0.746 0.58 0.62 15.56 13.67 1.89
433 17 14 37.273 -40 01 23.63 -12.759 -0.792 0.60 0.56 13.39 11.44 1.95
434 17 14 43.433 -39 31 58.13 -12.349 -0.521 0.54 0.58 15.65 13.66 1.99
435 17 15 00.762 -39 32 05.72 -12.318 -0.568 0.92 0.52 15.13 13.36 1.78
436 17 15 05.977 -38 26 36.20 -11.422 0.055 1.22 0.57 14.44 12.82 1.62
437 17 15 06.021 -38 25 31.76 -11.407 0.065 1.11 0.55 13.32 11.77 1.54
438 17 15 51.262 -38 50 54.69 -11.665 -0.301 0.66 0.55 16.70 13.74 2.96
439 17 15 57.590 -38 50 26.97 -11.647 -0.313 0.54 0.70 16.00 13.09 2.91
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440 17 16 19.753 -39 59 39.85 -12.545 -1.041 0.50 0.54 13.43 12.80 0.63
441 17 17 28.762 -38 47 33.73 -11.436 -0.526 0.58 0.51 15.69 13.16 2.53
442 17 18 40.671 -35 49 43.28 -8.877 0.987 0.57 0.65 17.93 14.09 3.84
443 17 19 52.068 -35 47 52.20 -8.713 0.807 0.63 0.55 17.03 13.39 3.64
444 17 19 57.217 -38 11 48.62 -10.671 -0.580 0.75 0.59 13.42 11.47 1.94
445 17 20 15.527 -35 48 46.44 -8.680 0.734 0.58 0.93 16.65 12.97 3.68
446 17 20 18.091 -38 11 03.42 -10.621 -0.629 0.92 0.76 12.67 10.80 1.87
447 17 20 21.277 -38 11 48.22 -10.625 -0.645 1.05 0.56 11.83 9.78 2.05
448 17 20 24.763 -38 12 38.22 -10.630 -0.662 0.83 0.79 13.15 11.16 1.99
449 17 20 26.697 -38 14 52.74 -10.657 -0.688 0.71 0.67 13.29 11.42 1.86
450 17 20 29.062 -38 15 46.38 -10.665 -0.703 0.62 0.83 12.69 10.65 2.04
451 17 20 30.542 -35 54 04.59 -8.724 0.642 0.51 0.70 16.32 13.67 2.66
452 17 20 31.589 -37 58 18.49 -10.421 -0.544 0.61 0.76 12.09 10.44 1.65
453 17 20 34.241 -37 57 08.39 -10.400 -0.540 0.92 0.78 13.57 10.95 2.62
454 17 20 35.017 -36 06 45.26 -8.889 0.508 0.82 0.92 16.80 13.08 3.72
455 17 20 50.273 -37 56 18.50 -10.359 -0.575 1.11 0.64 13.18 10.51 2.67
456 17 20 51.570 -37 54 17.27 -10.329 -0.559 0.72 0.56 12.90 10.83 2.07
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457 17 20 54.551 -37 56 24.20 -10.352 -0.588 1.08 0.70 13.46 10.84 2.62
458 17 21 01.392 -38 19 49.35 -10.660 -0.829 0.67 1.11 12.14 11.14 1.00
459 17 21 11.338 -37 54 14.73 -10.291 -0.612 1.44 0.57 11.48 11.20 0.27
460 17 21 13.440 -38 21 33.06 -10.662 -0.877 0.95 0.55 11.64 10.45 1.19
461 17 21 19.211 -37 29 51.00 -9.942 -0.402 0.52 0.69 17.76 14.23 3.53
462 17 21 22.214 -38 09 16.00 -10.477 -0.784 0.60 0.51 13.10 10.60 2.50
463 17 21 29.084 -36 07 54.20 -8.801 0.348 0.80 1.03 17.13 13.84 3.29
464 17 21 30.066 -38 20 19.67 -10.614 -0.910 0.57 0.53 11.83 10.15 1.68
465 17 21 31.816 -38 02 48.85 -10.370 -0.749 0.72 0.82 10.96 10.39 0.57
466 17 21 53.752 -35 03 59.85 -7.877 0.885 0.58 0.69 16.99 13.88 3.11
467 17 21 59.810 -38 14 16.27 -10.475 -0.933 0.56 1.59 13.77 11.99 1.78
468 17 22 57.297 -35 36 58.07 -8.207 0.395 0.56 0.67 17.72 14.24 3.47
469 17 22 58.931 -37 29 36.90 -9.752 -0.671 0.55 0.55 17.07 13.83 3.24
470 17 23 00.117 -37 17 53.30 -9.589 -0.564 0.54 0.59 13.57 12.42 1.15
471 17 23 01.685 -35 38 22.01 -8.218 0.370 0.55 0.93 17.73 14.26 3.47
472 17 24 10.891 -37 04 35.92 -9.273 -0.633 0.72 0.54 17.21 14.13 3.08
473 17 24 26.060 -34 54 59.76 -7.459 0.541 0.52 0.57 15.81 13.26 2.55
Continued on next page...
121
Table B.1 – continued from previous page
ID α (J2000) δ (J2000) l b He i−C iv Br-γ−C iv J CONT2 J −CONT2
474 17 24 29.685 -37 05 58.94 -9.257 -0.698 0.62 0.51 15.71 13.63 2.08
475 17 24 36.782 -34 51 25.68 -7.389 0.544 0.59 1.53 16.93 13.66 3.27
476 17 24 47.703 -37 30 07.28 -9.556 -0.973 0.54 0.59 17.24 13.78 3.47
477 17 24 52.559 -35 59 45.40 -8.301 -0.140 0.54 0.65 15.87 13.78 2.09
478 17 25 13.220 -35 19 52.87 -7.712 0.175 0.75 0.52 16.32 13.84 2.49
479 17 25 32.402 -34 53 17.74 -7.308 0.369 0.53 0.51 17.68 13.51 4.17
480 17 26 43.198 -35 02 30.18 -7.300 0.083 0.56 0.55 16.98 13.41 3.57
481 17 26 48.025 -34 51 50.68 -7.144 0.168 0.53 1.10 17.99 13.76 4.22
482 17 28 20.347 -33 19 54.05 -5.693 0.756 0.65 0.53 15.08 13.32 1.76
483 17 28 22.031 -35 30 04.82 -7.495 -0.452 0.67 0.51 15.57 13.42 2.14
484 17 28 48.384 -35 49 34.19 -7.716 -0.706 0.55 0.94 17.12 13.29 3.84
485 17 28 55.583 -35 49 31.35 -7.702 -0.726 0.75 1.05 17.03 13.83 3.20
486 17 29 25.781 -35 57 03.85 -7.751 -0.881 0.51 0.88 16.52 13.61 2.91
487 17 30 27.188 -35 30 08.67 -7.262 -0.807 0.82 0.58 17.22 13.81 3.41
488 17 32 08.232 -32 32 43.79 -4.598 0.524 0.88 1.14 15.20 12.21 2.99
489 17 32 23.547 -32 26 53.01 -4.487 0.532 0.59 0.55 15.82 13.75 2.07
490 17 33 28.264 -34 35 25.44 -6.160 -0.825 0.65 0.56 15.53 12.93 2.60
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491 17 33 32.263 -34 35 26.20 -6.153 -0.836 0.50 0.50 14.52 12.12 2.40
492 17 34 20.640 -30 49 24.35 -2.898 1.067 0.59 0.55 15.01 13.11 1.90
493 17 34 26.375 -33 50 49.96 -5.427 -0.589 0.58 0.56 17.33 13.76 3.57
494 17 36 26.067 -30 50 19.18 -2.668 0.682 0.57 0.60 10.12 9.63 0.49
495 17 38 12.539 -30 04 39.11 -1.821 0.767 0.52 0.58 14.58 12.99 1.59
496 17 38 45.623 -30 04 42.11 -1.758 0.666 0.51 0.69 15.40 13.57 1.83
497 17 40 25.115 -31 23 03.91 -2.674 -0.331 0.56 0.97 17.69 13.92 3.78
498 17 40 58.037 -30 44 50.08 -2.071 -0.093 0.51 0.58 16.68 13.52 3.16
499 17 41 33.735 -28 43 31.73 -0.287 0.867 0.64 0.61 15.60 13.47 2.12
500 17 42 02.380 -29 29 15.31 -0.879 0.376 0.95 0.65 15.95 13.53 2.41
501 17 42 23.386 -32 07 17.53 -3.078 -1.076 0.51 0.64 16.69 13.84 2.85
502 17 43 10.591 -29 52 26.23 -1.078 -0.037 0.57 0.83 14.63 13.28 1.36
503 17 44 09.719 -30 31 37.49 -1.522 -0.561 0.63 0.82 17.39 14.00 3.40
504 17 44 24.382 -29 23 09.07 -0.522 -0.009 0.86 0.63 18.09 10.59 7.49
505 17 45 31.047 -29 38 10.69 -0.609 -0.346 0.79 0.82 14.98 11.46 3.53
506 17 45 43.345 -29 14 29.55 -0.249 -0.178 0.54 0.52 10.67 9.30 1.37
507 17 46 01.143 -29 13 45.65 -0.205 -0.227 0.67 0.61 11.02 10.95 0.06
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508 17 46 06.716 -29 14 30.85 -0.205 -0.251 0.95 0.74 15.85 12.00 3.84
509 17 46 08.159 -29 14 30.87 -0.202 -0.255 0.58 0.53 14.90 11.44 3.46
510 17 46 13.462 -29 13 46.68 -0.182 -0.265 0.65 0.51 11.28 10.27 1.01
511 17 46 25.701 -29 40 16.34 -0.536 -0.533 0.53 0.69 15.89 13.18 2.71
512 17 46 26.492 -29 40 45.81 -0.542 -0.540 0.66 0.58 17.31 13.29 4.01
513 17 47 02.703 -27 45 59.93 1.162 0.340 0.52 0.51 15.71 13.39 2.33
514 17 47 27.554 -28 45 09.27 0.366 -0.249 0.73 0.54 14.72 13.43 1.29
515 17 47 32.651 -27 44 55.92 1.234 0.255 0.75 0.52 14.61 13.31 1.30
516 17 50 00.579 -25 23 53.82 3.533 0.994 0.57 0.62 16.83 13.92 2.91
517 17 50 20.632 -27 09 43.70 2.057 0.025 0.65 0.54 14.22 10.16 4.06
518 17 50 46.274 -25 23 45.01 3.623 0.847 0.55 0.68 16.34 13.82 2.51
519 17 51 39.866 -25 31 47.21 3.611 0.606 0.50 0.66 15.56 13.66 1.90
520 17 54 03.508 -25 11 58.47 4.171 0.308 0.62 0.59 15.82 13.41 2.41
521 17 54 49.438 -25 40 33.66 3.847 -0.082 0.50 0.57 17.12 14.04 3.09
522 17 56 47.153 -25 40 24.96 4.072 -0.463 0.51 0.57 17.04 13.97 3.07
523 17 56 49.417 -24 42 31.67 4.910 0.014 0.54 0.52 16.76 13.80 2.96
524 17 57 01.084 -24 36 44.61 5.016 0.024 0.64 0.73 16.51 13.62 2.89
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525 17 57 23.745 -23 23 21.44 6.118 0.563 0.82 0.92 14.84 12.79 2.05
526 18 01 28.030 -23 03 56.45 6.864 -0.087 0.82 0.65 16.66 13.82 2.83
527 18 02 24.485 -22 24 23.19 7.544 0.050 0.70 0.57 13.40 12.87 0.53
528 18 02 30.820 -22 13 30.55 7.714 0.118 0.86 0.57 14.10 13.05 1.05
529 18 04 15.183 -23 31 26.87 6.780 -0.870 0.65 0.75 16.67 13.99 2.67
530 18 06 26.411 -22 09 50.88 8.213 -0.644 0.53 0.66 17.05 13.90 3.16
531 18 07 50.178 -19 45 06.16 10.479 0.246 0.65 0.51 17.95 13.97 3.98
532 18 08 16.765 -21 38 58.04 8.870 -0.766 0.52 0.88 16.37 13.72 2.65
533 18 08 31.912 -21 57 29.91 8.629 -0.967 0.58 0.53 17.32 14.15 3.17
534 18 08 39.207 -19 57 43.45 10.388 -0.024 0.78 0.83 17.42 13.99 3.43
535 18 12 07.346 -20 09 00.81 10.617 -0.828 0.96 0.71 16.76 13.33 3.43
536 18 12 10.071 -16 15 38.27 14.033 1.032 0.64 0.60 18.10 13.56 4.55
537 18 12 25.100 -20 27 20.07 10.382 -1.035 0.57 0.59 16.21 13.49 2.72
538 18 12 29.670 -16 12 58.99 14.110 0.984 0.61 0.62 17.41 14.01 3.41
539 18 12 38.394 -20 01 57.57 10.778 -0.878 0.64 0.56 17.20 13.84 3.37
540 18 13 28.293 -17 15 42.82 13.304 0.278 0.61 0.51 17.39 14.03 3.36
541 18 14 08.123 -16 11 18.00 14.323 0.652 0.58 0.51 15.97 13.36 2.61
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542 18 14 11.462 -16 09 39.28 14.353 0.653 0.51 0.83 15.00 13.41 1.59
543 18 14 12.041 -16 10 16.75 14.345 0.646 0.52 0.71 14.67 13.29 1.38
544 18 14 34.409 -18 15 53.89 12.549 -0.433 0.57 0.56 15.66 13.05 2.62
545 18 14 51.189 -18 14 13.07 12.605 -0.478 0.77 0.66 15.57 13.61 1.95
546 18 16 19.944 -16 50 50.10 13.995 -0.125 0.56 0.51 16.17 13.43 2.74
547 18 16 27.415 -18 40 58.70 12.394 -1.024 0.57 0.63 15.28 13.54 1.74
548 18 16 28.835 -18 14 24.28 12.787 -0.819 0.55 0.52 16.82 13.68 3.14
549 18 16 36.819 -18 38 07.34 12.454 -1.035 0.56 0.68 15.63 13.66 1.97
550 18 16 36.833 -18 14 17.66 12.803 -0.846 0.50 0.50 17.63 13.51 4.12
551 18 16 39.507 -18 15 40.64 12.788 -0.866 0.54 0.55 15.07 13.20 1.87
552 18 16 40.554 -18 12 08.66 12.842 -0.842 0.95 0.63 16.76 13.60 3.16
553 18 16 55.217 -15 08 20.15 15.565 0.563 0.54 0.56 16.62 13.93 2.69
554 18 17 09.573 -14 03 08.40 16.549 1.028 0.76 0.72 14.61 12.37 2.23
555 18 17 09.668 -13 58 18.75 16.620 1.065 0.63 0.66 12.90 10.48 2.43
556 18 17 09.712 -14 01 18.44 16.576 1.042 0.62 0.51 14.66 12.17 2.49
557 18 18 44.319 -15 35 58.87 15.367 -0.042 0.54 0.51 15.90 13.78 2.12
558 18 18 53.101 -16 28 53.65 14.607 -0.490 0.63 0.57 18.35 14.20 4.15
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559 18 18 59.216 -13 58 35.07 16.826 0.673 0.64 0.55 14.95 10.93 4.02
560 18 19 05.522 -14 02 26.29 16.781 0.620 0.54 0.57 15.69 13.13 2.57
561 18 19 13.733 -14 38 16.96 16.271 0.309 0.55 0.56 15.71 13.28 2.43
562 18 20 01.868 -14 09 17.65 16.788 0.366 0.63 0.53 17.63 14.19 3.44
563 18 20 27.239 -13 51 16.39 17.101 0.417 0.57 0.70 18.15 14.08 4.06
564 18 21 55.305 -14 14 50.62 16.922 -0.082 0.56 0.74 15.88 13.69 2.19
565 18 22 54.573 -12 31 12.70 18.560 0.517 0.53 0.55 14.19 11.97 2.22
566 18 23 02.673 -15 06 51.22 16.285 -0.729 0.52 0.51 14.67 12.83 1.84
567 18 23 14.238 -15 34 01.68 15.906 -0.982 0.75 0.67 16.34 13.89 2.45
568 18 23 15.688 -15 35 41.59 15.884 -1.000 0.55 0.61 15.94 13.30 2.64
569 18 23 30.637 -15 12 30.12 16.254 -0.872 0.59 0.63 16.35 13.67 2.67
570 18 23 32.783 -15 08 28.99 16.317 -0.849 0.52 0.95 16.22 13.07 3.14
571 18 23 33.948 -15 11 12.70 16.279 -0.874 0.76 0.53 16.12 13.32 2.79
572 18 23 40.781 -14 45 55.13 16.665 -0.701 0.54 0.75 17.75 14.10 3.64
573 18 23 43.938 -13 23 01.83 17.891 -0.065 0.51 0.75 14.24 12.47 1.76
574 18 23 49.709 -13 22 45.07 17.906 -0.083 0.55 0.54 15.88 13.42 2.46
575 18 24 45.527 -10 32 52.63 20.515 1.040 0.78 0.77 14.38 12.99 1.40
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576 18 24 53.093 -10 53 07.20 20.231 0.855 0.61 0.57 14.50 12.66 1.84
577 18 25 09.749 -10 44 02.52 20.397 0.866 0.87 0.51 14.87 13.02 1.85
578 18 25 33.867 -12 39 20.63 18.743 -0.119 0.58 0.68 15.43 12.85 2.58
579 18 25 36.204 -10 43 48.51 20.451 0.772 0.59 0.52 14.75 12.92 1.83
580 18 25 49.570 -10 55 56.77 20.297 0.629 0.93 0.76 15.31 13.38 1.94
581 18 26 10.173 -10 37 14.27 20.613 0.700 0.57 0.60 14.78 13.08 1.69
582 18 26 41.213 -12 44 21.03 18.797 -0.400 0.53 0.73 13.97 13.21 0.76
583 18 26 44.128 -10 26 36.02 20.834 0.659 0.63 0.64 14.00 12.09 1.90
584 18 27 28.022 -10 05 55.13 21.223 0.660 0.52 0.67 16.80 13.71 3.09
585 18 27 31.003 -12 18 13.26 19.277 -0.376 0.59 0.88 16.08 13.25 2.83
586 18 27 40.979 -10 09 47.46 21.191 0.583 0.52 0.87 16.97 14.08 2.89
587 18 28 19.629 -12 17 52.56 19.374 -0.549 0.61 0.55 16.54 13.85 2.69
588 18 28 20.537 -09 47 05.37 21.601 0.615 0.55 0.51 14.75 12.74 2.01
589 18 28 28.096 -11 50 25.26 19.795 -0.367 0.62 0.58 15.63 13.60 2.03
590 18 28 28.967 -11 28 33.86 20.120 -0.201 0.50 0.57 15.38 13.31 2.07
591 18 28 48.333 -12 04 46.54 19.622 -0.551 0.61 0.66 14.74 13.16 1.58
592 18 28 57.041 -12 19 33.05 19.420 -0.697 0.56 0.80 17.60 13.74 3.87
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593 18 29 08.481 -12 21 35.79 19.412 -0.754 0.51 0.75 16.67 13.73 2.95
594 18 29 13.425 -12 21 17.39 19.425 -0.769 1.00 0.61 17.49 14.01 3.48
595 18 29 20.010 -12 19 16.55 19.468 -0.778 0.52 0.95 16.55 13.29 3.26
596 18 30 58.916 -09 31 58.26 22.126 0.156 0.55 0.54 16.34 13.82 2.52
597 18 31 19.871 -11 16 04.91 20.628 -0.723 0.51 1.04 17.32 13.60 3.72
598 18 31 24.485 -08 35 42.74 23.006 0.496 0.83 0.54 16.96 13.74 3.22
599 18 31 49.966 -08 30 34.24 23.131 0.443 0.57 0.51 16.41 13.58 2.83
600 18 32 06.160 -08 29 55.27 23.171 0.389 0.89 0.79 15.30 13.42 1.89
601 18 32 18.486 -08 01 58.26 23.608 0.559 0.56 0.75 17.07 13.71 3.36
602 18 33 11.433 -08 32 49.93 23.252 0.128 1.19 0.54 15.74 13.58 2.16
603 18 33 14.128 -08 29 31.92 23.306 0.143 0.58 0.61 14.94 13.34 1.60
604 18 33 15.476 -08 29 28.77 23.310 0.139 0.74 0.88 16.04 13.73 2.31
605 18 33 17.886 -08 28 29.43 23.329 0.138 0.77 1.10 15.84 13.70 2.14
606 18 34 04.131 -08 05 11.70 23.761 0.147 0.53 0.55 16.13 13.43 2.70
607 18 34 53.599 -08 44 24.25 23.275 -0.335 0.53 0.90 17.20 13.90 3.30
608 18 35 02.161 -09 02 25.51 23.025 -0.504 0.67 0.61 17.63 14.13 3.49
609 18 35 48.157 -07 09 06.08 24.789 0.197 0.83 0.60 12.97 12.37 0.61
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610 18 36 31.494 -07 52 38.13 24.227 -0.296 0.73 0.91 14.83 13.47 1.36
611 18 36 50.464 -07 06 39.12 24.944 -0.013 0.54 0.54 13.44 11.82 1.62
612 18 36 51.328 -05 47 40.85 26.114 0.588 0.79 0.62 14.50 12.61 1.88
613 18 37 26.316 -06 15 01.33 25.776 0.250 0.55 0.79 13.93 12.96 0.97
614 18 37 35.903 -05 00 51.46 26.893 0.782 0.54 0.57 15.79 13.72 2.06
615 18 37 41.814 -05 03 23.62 26.866 0.741 0.73 0.60 17.53 13.71 3.82
616 18 37 54.756 -05 24 36.96 26.577 0.531 0.50 0.87 14.53 12.49 2.04
617 18 38 02.754 -05 34 48.28 26.441 0.424 0.57 0.74 15.15 12.48 2.67
618 18 38 09.624 -05 02 34.21 26.931 0.645 0.59 0.70 17.19 14.12 3.06
619 18 38 11.902 -05 24 11.27 26.616 0.471 0.53 0.54 14.59 12.12 2.47
620 18 38 17.563 -05 47 39.58 26.279 0.271 0.62 0.65 14.85 12.23 2.62
621 18 38 24.089 -06 10 14.92 25.957 0.074 0.51 0.81 14.27 12.57 1.70
622 18 38 42.817 -05 41 38.77 26.416 0.224 0.66 0.54 13.53 12.71 0.82
623 18 38 49.160 -05 42 11.26 26.420 0.196 0.65 0.67 15.00 12.46 2.54
624 18 38 50.566 -04 44 41.81 27.274 0.630 0.67 1.03 15.02 13.50 1.53
625 18 39 04.504 -05 36 07.56 26.539 0.186 0.57 0.53 14.83 12.38 2.45
626 18 39 14.604 -05 24 37.59 26.728 0.237 0.57 0.51 14.61 12.13 2.48
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627 18 39 15.146 -05 32 50.24 26.608 0.172 0.52 0.63 14.75 12.61 2.14
628 18 39 26.104 -05 51 16.29 26.356 -0.009 0.51 0.56 12.86 12.14 0.71
629 18 39 39.543 -05 47 57.84 26.430 -0.034 0.65 0.68 14.75 12.95 1.80
630 18 39 41.587 -04 31 58.52 27.560 0.539 0.63 0.58 15.86 13.64 2.22
631 18 39 54.910 -05 38 58.02 26.593 -0.022 0.55 0.97 16.04 12.90 3.13
632 18 40 02.563 -05 43 11.99 26.544 -0.082 0.59 0.78 15.47 13.50 1.96
633 18 40 13.704 -05 52 26.60 26.429 -0.194 0.54 0.60 16.24 13.80 2.44
634 18 40 33.896 -05 40 57.93 26.637 -0.180 0.62 1.15 15.95 13.69 2.27
635 18 40 33.948 -05 39 40.45 26.656 -0.171 0.51 0.54 14.49 12.48 2.01
636 18 40 35.793 -05 39 29.00 26.663 -0.176 0.57 0.57 15.69 13.07 2.63
637 18 40 39.639 -05 39 38.56 26.667 -0.192 0.66 0.55 14.05 12.85 1.20
638 18 40 43.740 -05 37 25.99 26.708 -0.190 0.51 0.50 14.35 13.26 1.09
639 18 41 02.900 -05 35 19.63 26.776 -0.244 0.55 0.93 14.75 13.45 1.30
640 18 41 26.616 -05 52 51.24 26.561 -0.465 0.57 0.52 15.49 13.19 2.30
641 18 42 25.151 -05 51 06.85 26.698 -0.668 1.18 0.51 15.50 13.56 1.94
642 18 42 27.349 -04 05 05.01 28.273 0.132 0.62 0.51 15.37 13.52 1.85
643 18 42 50.566 -02 06 04.67 30.082 0.953 0.95 0.56 16.33 13.65 2.69
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644 18 43 10.833 -02 24 52.36 29.842 0.735 0.81 0.63 14.63 13.42 1.21
645 18 43 20.215 -01 49 49.64 30.379 0.967 1.13 1.64 14.76 13.16 1.60
646 18 43 21.174 -02 28 08.38 29.813 0.672 0.52 0.67 17.10 14.04 3.07
647 18 43 38.577 -03 36 02.43 28.839 0.090 0.63 0.53 17.28 14.08 3.20
648 18 43 46.289 -03 50 16.80 28.643 -0.047 0.83 0.53 17.12 13.90 3.22
649 18 43 57.473 -03 10 25.19 29.255 0.215 0.52 0.69 16.49 13.95 2.54
650 18 44 03.538 -02 01 31.00 30.288 0.717 0.65 0.66 14.99 13.53 1.46
651 18 44 12.048 -02 00 56.58 30.313 0.690 0.71 0.56 16.80 14.00 2.79
652 18 44 20.002 -03 52 01.31 28.681 -0.185 0.55 0.64 16.99 13.70 3.29
653 18 44 21.475 -02 22 39.51 30.009 0.490 0.54 0.65 16.33 13.63 2.70
654 18 44 26.177 -02 13 52.59 30.148 0.539 0.52 0.61 17.37 13.43 3.94
655 18 45 16.135 -00 54 43.42 31.417 0.957 0.66 0.83 16.39 13.92 2.47
656 18 47 54.954 -00 32 42.54 32.045 0.535 0.88 0.67 17.39 13.42 3.97
657 18 50 47.314 +01 58 21.62 34.614 1.044 0.57 0.54 16.52 13.49 3.03
658 18 51 19.365 -00 56 43.60 32.077 -0.405 0.58 0.61 15.87 13.72 2.15
659 18 51 33.699 +01 59 53.58 34.724 0.884 1.04 0.58 17.48 14.19 3.30
660 18 52 07.390 -01 21 03.66 31.808 -0.768 0.54 0.53 15.96 13.56 2.40
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661 18 52 12.378 +00 22 14.58 33.349 -0.002 0.56 0.52 15.92 13.63 2.29
662 18 52 20.039 +00 35 08.88 33.555 0.068 0.88 0.67 17.38 13.86 3.52
663 18 52 29.333 +00 59 10.53 33.929 0.216 0.63 0.56 16.20 13.77 2.43
664 18 52 34.468 +01 35 42.51 34.481 0.475 0.50 0.77 15.88 13.59 2.30
665 18 52 46.750 +01 01 58.41 34.004 0.173 1.11 0.66 18.22 13.95 4.27
666 18 53 21.819 -01 09 01.83 32.127 -0.953 0.57 0.52 14.12 13.17 0.95
667 18 55 14.297 +01 58 25.31 35.122 0.055 0.82 0.50 17.12 14.10 3.02
668 18 55 19.768 +01 53 59.21 35.066 0.001 0.81 0.67 18.23 14.30 3.93
669 18 59 00.081 +02 09 03.84 35.709 -0.701 0.95 0.58 17.49 13.98 3.51
670 18 59 08.511 +04 53 21.68 38.160 0.519 0.51 0.63 17.68 14.23 3.45
671 18 59 33.992 +01 48 31.58 35.469 -0.983 0.75 1.20 17.36 14.09 3.27
672 18 59 36.914 +02 04 26.08 35.710 -0.872 0.83 0.75 18.15 14.20 3.95
673 18 59 50.735 +05 15 52.33 38.574 0.535 0.53 0.78 16.89 14.05 2.85
674 19 03 05.420 +04 35 12.43 38.341 -0.494 0.58 0.92 15.25 13.54 1.70
675 19 03 54.734 +04 45 52.35 38.593 -0.594 0.62 0.85 16.02 13.46 2.55
676 19 04 12.935 +04 51 36.42 38.713 -0.618 0.63 0.71 16.85 13.19 3.66
677 19 04 15.564 +04 41 56.63 38.575 -0.701 1.04 0.57 16.55 13.82 2.73
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678 19 04 30.212 +04 46 46.22 38.674 -0.718 0.58 0.58 15.40 13.39 2.01
679 19 04 33.325 +06 05 18.12 39.843 -0.129 0.85 0.74 16.44 12.67 3.77
680 19 07 09.844 +07 57 53.54 41.807 0.158 0.83 0.54 17.87 14.31 3.56
681 19 07 15.073 +08 38 03.09 42.411 0.447 0.56 0.52 16.87 14.04 2.83
682 19 07 26.763 +06 17 04.74 40.348 -0.677 0.53 0.51 17.17 13.57 3.59
683 19 07 54.089 +06 40 24.76 40.745 -0.599 1.22 1.02 16.67 13.81 2.86
684 19 08 23.350 +09 12 03.68 43.044 0.458 1.24 0.59 16.07 13.52 2.55
685 19 08 36.577 +06 53 15.12 41.016 -0.656 0.73 0.59 15.96 13.62 2.35
686 19 08 37.859 +08 57 30.26 42.856 0.293 0.69 0.96 16.45 13.52 2.93
687 19 08 39.412 +07 15 58.72 41.357 -0.492 0.59 0.91 16.93 13.78 3.15
688 19 08 43.542 +06 52 18.33 41.015 -0.689 1.13 0.79 16.51 13.71 2.79
689 19 08 44.312 +09 17 53.71 43.170 0.426 0.53 0.60 15.42 13.06 2.37
690 19 08 54.207 +08 10 20.36 42.190 -0.129 0.76 0.77 15.26 13.43 1.83
691 19 08 55.144 +08 29 13.80 42.471 0.013 0.98 0.50 14.81 13.16 1.64
692 19 08 55.884 +08 39 02.08 42.617 0.085 0.78 1.02 15.11 12.86 2.26
693 19 08 56.030 +09 20 33.37 43.232 0.404 0.74 0.55 16.53 13.70 2.83
694 19 08 57.195 +08 27 31.07 42.449 -0.008 0.62 0.58 15.60 13.30 2.31
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695 19 08 57.722 +09 42 23.64 43.558 0.566 0.54 0.69 16.72 13.94 2.78
696 19 08 59.260 +09 42 58.77 43.569 0.564 0.54 0.84 16.26 13.55 2.71
697 19 08 59.553 +08 37 31.29 42.602 0.060 0.68 0.72 16.03 13.12 2.91
698 19 09 00.432 +10 53 14.61 44.611 1.100 0.91 0.85 16.24 13.74 2.50
699 19 09 04.182 +09 20 10.83 43.242 0.371 0.89 0.73 17.50 13.98 3.51
700 19 09 04.973 +07 09 00.40 41.303 -0.640 0.64 0.53 14.99 12.80 2.18
701 19 09 08.042 +08 15 47.49 42.297 -0.138 0.89 0.51 15.30 13.44 1.86
702 19 09 09.866 +09 18 54.80 43.234 0.341 1.04 0.86 16.93 14.01 2.92
703 19 09 11.367 +09 27 12.08 43.359 0.399 0.50 0.53 16.56 13.83 2.73
704 19 09 19.783 +08 36 10.92 42.620 -0.024 0.55 0.89 16.48 13.32 3.16
705 19 09 23.716 +09 17 14.66 43.235 0.277 0.96 0.56 18.01 13.81 4.20
706 19 09 24.500 +09 15 44.89 43.214 0.263 0.68 0.73 13.57 12.49 1.08
707 19 09 25.664 +09 16 43.24 43.231 0.266 0.53 1.09 15.16 13.37 1.79
708 19 09 30.212 +09 11 17.15 43.159 0.208 0.80 0.74 16.21 12.87 3.34
709 19 09 38.921 +09 42 57.22 43.644 0.420 0.51 1.28 16.85 13.89 2.95
710 19 09 54.998 +09 14 49.12 43.259 0.145 0.62 0.57 15.60 12.93 2.67
711 19 09 56.902 +09 22 49.42 43.381 0.199 0.93 0.78 17.82 14.22 3.60
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712 19 09 59.385 +08 32 29.65 42.641 -0.197 0.59 0.68 15.74 12.58 3.16
713 19 10 13.608 +07 24 07.76 41.657 -0.775 0.54 0.66 14.84 13.25 1.59
714 19 10 13.828 +08 37 50.87 42.748 -0.209 0.62 1.10 15.83 13.00 2.83
715 19 10 15.718 +07 05 43.71 41.389 -0.924 0.54 0.52 16.50 13.03 3.47
716 19 10 16.516 +07 31 45.46 41.776 -0.727 0.51 0.54 15.90 13.61 2.29
717 19 10 23.035 +09 17 40.21 43.354 0.064 0.77 0.95 18.35 14.35 4.00
718 19 10 23.042 +10 52 02.91 44.749 0.791 0.51 0.65 15.74 13.71 2.03
719 19 10 23.562 +07 30 09.38 41.766 -0.765 1.03 0.62 16.98 13.43 3.55
720 19 10 24.968 +07 29 14.58 41.755 -0.777 0.53 0.75 15.58 12.65 2.93
721 19 10 32.959 +07 30 02.38 41.782 -0.800 0.83 0.93 14.22 12.55 1.67
722 19 10 38.452 +09 43 35.98 43.767 0.208 0.66 0.70 16.91 13.79 3.12
723 19 10 46.099 +09 29 43.47 43.576 0.073 0.53 0.51 17.22 14.11 3.12
724 19 10 50.522 +07 30 59.52 41.829 -0.857 0.97 0.51 16.75 12.48 4.27
725 19 10 52.991 +10 08 45.26 44.166 0.349 0.52 0.74 15.82 13.46 2.36
726 19 11 01.384 +09 31 38.68 43.633 0.032 0.57 0.79 16.52 13.91 2.61
727 19 11 21.504 +10 37 16.37 44.641 0.465 0.50 0.84 15.51 13.40 2.12
728 19 11 25.063 +10 14 46.90 44.316 0.278 0.64 0.51 15.21 13.45 1.76
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729 19 12 15.410 +10 19 29.82 44.481 0.132 1.02 0.52 16.65 13.61 3.05
730 19 12 28.630 +08 08 35.59 42.572 -0.927 0.61 0.51 16.13 13.74 2.38
731 19 12 40.664 +11 07 51.09 45.243 0.413 0.82 0.66 16.01 13.64 2.36
732 19 12 40.862 +11 13 28.53 45.327 0.456 0.75 1.18 15.54 13.61 1.92
733 19 12 46.172 +10 30 56.71 44.709 0.108 0.72 0.50 16.68 13.36 3.33
734 19 12 49.929 +10 38 48.38 44.832 0.156 0.55 0.79 17.05 13.45 3.59
735 19 12 53.225 +11 12 25.50 45.334 0.403 0.61 1.11 15.28 13.56 1.72
736 19 13 03.289 +12 36 39.59 46.598 1.018 0.58 0.53 14.34 13.26 1.08
737 19 13 03.816 +11 14 41.95 45.388 0.383 0.58 0.53 15.15 13.55 1.60
738 19 13 33.040 +12 15 31.17 46.342 0.747 0.59 0.52 15.39 13.41 1.98
739 19 13 47.000 +08 57 36.44 43.446 -0.834 0.82 0.57 16.95 13.84 3.11
740 19 13 52.046 +09 03 44.22 43.546 -0.805 0.91 0.61 16.67 13.78 2.89
741 19 13 54.888 +12 06 42.15 46.253 0.600 0.55 0.68 16.19 13.69 2.50
742 19 14 13.557 +10 21 49.19 44.740 -0.279 0.62 0.57 16.85 13.98 2.87
743 19 14 14.648 +12 17 13.60 46.445 0.610 0.57 0.53 14.99 13.10 1.89
744 19 14 22.588 +11 13 42.86 45.523 0.090 0.73 0.62 15.41 13.24 2.17
745 19 14 34.241 +12 36 03.08 46.760 0.685 0.81 0.67 16.73 13.26 3.47
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746 19 14 39.478 +12 21 53.96 46.561 0.557 0.79 0.57 14.41 13.36 1.04
747 19 14 39.500 +12 38 44.15 46.810 0.687 0.56 0.50 10.06 8.79 1.27
748 19 14 42.034 +12 33 42.69 46.740 0.639 0.57 0.53 15.62 13.69 1.93
749 19 14 42.927 +12 38 54.15 46.819 0.676 0.79 0.55 15.32 13.22 2.10
750 19 14 44.158 +10 50 43.01 45.225 -0.166 0.58 0.61 17.41 14.19 3.22
751 19 14 47.805 +12 34 23.24 46.761 0.624 0.60 0.51 14.66 13.38 1.29
752 19 15 16.956 +09 21 49.00 43.975 -0.974 0.73 0.67 15.90 13.70 2.20
753 19 15 35.398 +10 14 00.83 44.781 -0.637 0.81 0.59 17.26 14.15 3.11
754 19 16 44.026 +10 26 25.04 45.095 -0.789 0.64 0.63 16.01 13.71 2.30
755 19 17 01.890 +10 14 09.53 44.948 -0.949 0.65 0.51 16.55 13.95 2.60
756 19 17 16.560 +11 24 50.99 46.018 -0.453 0.53 0.72 14.44 13.31 1.13
757 19 17 29.927 +11 02 10.87 45.710 -0.678 0.60 0.52 15.13 13.22 1.92
758 19 18 27.466 +11 28 46.43 46.211 -0.678 0.50 0.97 15.55 13.15 2.39
759 19 18 28.535 +11 11 54.79 45.965 -0.814 0.58 0.55 16.10 13.71 2.39
760 19 18 36.973 +11 07 01.86 45.909 -0.882 0.80 0.52 15.09 13.32 1.77
761 19 18 54.741 +11 10 45.54 45.998 -0.917 0.83 0.86 16.14 13.59 2.55
762 19 19 06.277 +11 13 18.03 46.058 -0.939 0.56 0.87 15.27 13.58 1.69
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763 19 19 10.232 +11 22 14.06 46.197 -0.884 0.52 0.50 15.39 13.41 1.97
764 19 19 25.745 +14 49 15.72 49.275 0.677 0.70 0.63 16.18 13.62 2.56
765 19 19 26.455 +11 54 11.51 46.698 -0.693 0.54 0.69 15.44 13.33 2.10
766 19 20 37.969 +12 23 54.36 47.272 -0.718 0.84 0.52 17.14 14.10 3.04
767 19 20 44.194 +11 56 13.74 46.877 -0.957 0.57 0.58 15.77 13.73 2.04
768 19 20 44.634 +13 26 08.84 48.201 -0.254 0.51 0.68 17.33 13.48 3.85
769 19 21 11.250 +11 55 22.13 46.916 -1.061 0.53 0.60 15.52 13.48 2.04
770 19 21 11.353 +12 16 50.32 47.232 -0.893 0.61 0.59 14.91 13.46 1.45
771 19 21 23.459 +15 38 26.86 50.221 0.644 0.51 0.62 16.47 13.79 2.68
772 19 23 05.640 +12 57 39.06 48.051 -0.982 0.81 0.93 17.67 14.07 3.60
773 19 25 33.582 +17 15 55.99 52.125 0.531 0.58 0.53 16.94 13.97 2.97
774 19 25 51.174 +16 59 32.54 51.918 0.340 0.61 0.53 17.21 14.12 3.10
775 19 26 23.496 +16 20 31.88 51.407 -0.083 0.52 0.56 17.33 14.03 3.31
776 19 27 56.060 +16 00 17.32 51.287 -0.569 0.61 1.03 16.70 13.09 3.61
777 19 27 56.104 +15 57 38.52 51.248 -0.590 0.63 0.68 15.64 13.44 2.21
778 19 27 57.422 +16 20 05.38 51.580 -0.416 0.52 0.52 14.59 12.49 2.11
779 19 27 58.499 +15 51 52.83 51.168 -0.645 0.54 0.62 13.61 11.88 1.73
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780 19 27 59.949 +15 53 03.09 51.188 -0.640 0.51 0.59 15.24 11.89 3.34
781 19 28 00.520 +16 20 59.34 51.599 -0.420 0.55 0.53 15.18 13.11 2.08
782 19 28 01.663 +15 52 37.31 51.185 -0.650 0.56 0.57 15.19 12.98 2.21
783 19 28 10.408 +15 52 14.54 51.197 -0.684 0.52 0.52 16.74 13.29 3.45
784 19 28 12.751 +15 56 49.55 51.268 -0.655 0.52 0.87 16.80 13.82 2.98
785 19 28 26.331 +15 54 56.84 51.267 -0.718 0.58 0.54 16.24 13.82 2.42
786 19 28 33.940 +15 55 08.24 51.284 -0.743 0.80 0.86 15.84 13.71 2.13
787 19 29 03.010 +17 24 24.11 52.646 -0.134 0.63 0.56 17.82 14.23 3.59
788 19 29 04.900 +17 31 32.80 52.754 -0.083 0.83 0.75 12.81 11.84 0.97
789 19 29 15.051 +17 31 25.28 52.772 -0.120 0.52 0.99 15.07 12.84 2.22
790 19 29 31.472 +17 27 01.09 52.739 -0.212 0.94 0.65 15.05 11.82 3.24
791 19 29 31.970 +17 02 27.40 52.380 -0.410 0.55 0.55 16.65 13.82 2.83
792 19 29 35.383 +17 28 32.51 52.768 -0.214 1.01 0.99 14.38 12.47 1.91
793 19 29 56.953 +16 02 14.45 51.547 -0.979 0.51 0.50 16.24 13.42 2.82
794 19 29 59.158 +17 21 07.53 52.705 -0.356 0.55 0.68 16.53 13.86 2.68
795 19 30 03.538 +17 48 24.55 53.112 -0.153 0.91 0.56 13.34 11.70 1.64
796 19 30 53.489 +20 08 58.41 55.262 0.799 0.74 0.66 15.39 13.60 1.79
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797 19 31 01.663 +17 19 43.79 52.804 -0.585 0.78 0.54 13.98 12.81 1.17
798 19 31 03.237 +17 30 18.12 52.962 -0.506 0.63 0.57 13.56 12.20 1.37
799 19 31 03.237 +17 52 48.94 53.291 -0.325 0.90 0.60 17.49 14.18 3.31
800 19 31 13.110 +17 54 18.54 53.331 -0.348 1.07 0.50 17.06 14.01 3.05
801 19 31 20.339 +17 16 46.89 52.797 -0.674 0.63 0.71 13.75 12.53 1.22
802 19 31 20.903 +20 05 52.94 55.268 0.681 0.52 0.61 14.20 13.32 0.88
803 19 31 26.704 +17 12 44.00 52.750 -0.729 0.84 0.70 14.33 12.97 1.36
804 19 31 49.753 +17 58 00.21 53.455 -0.445 0.83 0.56 15.85 13.67 2.18
805 19 31 52.712 +17 13 11.54 52.806 -0.816 1.39 0.59 13.94 12.71 1.23
806 19 32 06.577 +17 12 28.03 52.822 -0.870 0.60 1.46 13.26 12.55 0.71
807 19 32 17.542 +17 40 03.99 53.246 -0.686 0.58 1.70 13.02 10.37 2.65
808 19 32 24.082 +17 13 08.14 52.866 -0.925 0.54 1.46 13.63 12.12 1.52
809 19 33 02.468 +17 21 33.08 53.062 -0.991 0.83 1.08 14.61 11.98 2.63
810 19 33 59.524 +19 13 34.96 54.806 -0.285 0.64 0.52 15.56 13.63 1.93
811 19 34 07.786 +18 45 45.34 54.416 -0.539 0.54 0.59 16.02 13.75 2.27
812 19 34 23.621 +20 21 28.10 55.841 0.181 0.73 0.71 16.58 13.76 2.82
813 19 34 58.447 +21 51 57.67 57.225 0.795 0.60 0.52 16.00 13.75 2.25
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814 19 35 01.750 +19 40 01.97 55.310 -0.285 0.81 0.65 17.03 13.99 3.04
815 19 35 02.520 +19 40 11.95 55.314 -0.286 0.91 1.29 17.98 14.25 3.73
816 19 35 04.775 +19 39 37.30 55.310 -0.299 0.61 0.95 14.33 13.32 1.02
817 19 35 08.628 +19 39 37.35 55.317 -0.312 0.57 0.56 12.18 10.97 1.21
818 19 35 10.906 +21 05 48.90 56.577 0.379 0.54 0.76 17.13 14.12 3.01
819 19 35 11.243 +19 33 55.51 55.239 -0.367 0.86 0.66 14.19 11.69 2.49
820 19 35 58.711 +22 02 59.41 57.499 0.681 0.58 0.59 14.85 13.48 1.37
821 19 36 16.348 +20 29 43.38 56.175 -0.137 0.51 0.61 16.08 13.79 2.28
822 19 36 17.461 +19 49 03.57 55.586 -0.471 0.96 0.51 15.49 13.46 2.03
823 19 36 36.013 +22 14 40.74 57.740 0.650 0.53 0.60 15.73 13.63 2.09
824 19 36 36.453 +19 48 45.78 55.618 -0.539 0.67 0.55 15.10 13.53 1.57
825 19 36 42.151 +22 19 00.43 57.814 0.664 0.74 0.50 15.38 13.52 1.86
826 19 37 13.140 +19 49 10.40 55.694 -0.661 0.82 0.70 15.30 13.51 1.79
827 19 37 17.769 +19 46 53.61 55.670 -0.695 0.51 0.79 14.61 13.38 1.24
828 19 37 24.441 +19 46 27.69 55.676 -0.722 0.52 0.74 15.41 13.45 1.95
829 19 37 34.438 +22 27 52.78 58.042 0.561 0.71 0.81 16.28 13.82 2.46
830 19 37 49.087 +19 21 00.47 55.354 -1.014 1.71 0.53 13.68 13.17 0.52
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831 19 37 59.861 +19 51 05.08 55.811 -0.805 0.92 0.72 15.30 13.59 1.71
832 19 38 07.888 +19 24 47.37 55.445 -1.047 0.68 0.53 14.66 13.08 1.58
833 19 39 20.457 +22 15 49.95 58.067 0.107 0.54 0.64 16.46 13.65 2.81
834 19 40 07.559 +22 04 44.26 57.996 -0.143 1.04 0.51 17.21 13.81 3.41
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